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FOREWORD

ASME formed anAdHoc TaskGroup on Post-Construction in 1993 in response to an increased need for recognized and
generally accepted engineering standards for the inspection and maintenance of pressure equipment after it has been
placed in service. At the recommendation of this Task Group, the Board on Pressure Technology Codes and Standards
(BPTCS) formed the Post-Construction Committee (PCC) in 1995. The scope of this committee was to develop and
maintain standards addressing common issues and technologies related to post-construction activities and to work
with other consensus committees in the development of separate, product-specific codes and standards addressing
issues encountered after initial construction for equipment and piping covered by Pressure Technology Codes and
Standards. The BPTCS covers non-nuclear boilers, pressure vessels (including heat exchangers), piping and piping
components, pipelines, and storage tanks.
The requirements and recommendations established by the Committee are not to be interpreted as approving, rec-

ommending, or endorsing any proprietary or specific design or repair method, or as limiting in any way the freedom to
choose any method of design or any form of repair that conforms to these requirements and recommendations.
The Committeemeets regularly to consider revisions, to develop new requirements and recommendations as dictated

by technological development, Cases of the PCC Standards, and requests for interpretations. Only the Committee has the
authority to provide official interpretations of these Standards. Requests for revisions, new rules, Cases of the PCC
Standards, or interpretations shall be addressed to the Secretary in writing and shall give full particulars in order
to receive consideration and action (see CorrespondenceWith the PCC Committee). Proposed revisions to the Standard
resulting from inquirieswill be presented to the Committee for appropriate action. The action of the Committee becomes
effective only after confirmation by ballot of the Committee and approval by ASME. Proposed revisions to the Standards
approved by the Committee are submitted to the American National Standards Institute (ANSI) and published at
http://go.asme.org/BPVCPublicReview to invite comments from all interested persons. After public review and
final approval by ASME, revisions are published in the next scheduled edition of the Standard.
ThePCC selects standards to bedevelopedbasedon identified needs and the availability of volunteers. ThePCC formed

the Subcommittee on Inspection Planning and the Subcommittee on Flaw Evaluations in 1995. In 1998, a Task Group
under the PCC began preparing Guidelines for Pressure Boundary Bolted Flange Joint Assembly. In 1999, the PCC formed
the Subcommittee on Repair and Testing. In 2002, the Subcommittee on Flaw Evaluation was dissolved and replaced by
the Joint ASME/API Committee on Fitness for Service. Other topics are under consideration and may be developed into
future guideline documents.
The subcommittees were charged with preparing standards dealing with several aspects of the in-service inspection

andmaintenanceofpressureequipment andpiping.The InspectionPlanningStandardprovidesguidanceon theprepara-
tion of a risk-based inspection plan. Defects that are identified may then be evaluated, when appropriate, using the
procedures provided in the Fitness for Service. Finally, if it is determined that repairs are to bemade, guidance on repair
procedures is provided in the Repair of Pressure Equipment and Piping Standard.
Noneof thesedocuments are codes.Theyprovide recognizedandgenerally acceptedgoodpractices thatmaybeused in

conjunction with Post-Construction Codes, such as API 510, API 570, and NB-23, and with jurisdictional requirements.
This Standard uses the words shall, should, and may as follows:
(a) Shall is used to denote a requirement.
(b) Should is used to denote a recommendation.
(c) May is used to denote permission, neither a requirement nor a recommendation.
The first edition of ASME PCC-1, Guidelines for Pressure Boundary Bolted Flange Joint Assembly, was approved for

publication in 2000. ASME PCC-1–2000 was approved by the American National Standards Institute (ANSI) as an Amer-
ican National Standard on November 15, 2000.
The first edition ofASMEPCC-3, InspectionPlanningUsingRisk-BasedMethods, was approved for publication in2007. It

was approved by ANSI as an American National Standard on October 4, 2007.
The first edition of ASME PCC-2, Repair of Pressure Equipment and Piping, was approved for publication in 2004.

Subsequent editions were published in 2008, 2011, 2015, and 2018.
Starting with the 2018 edition, new editions are expected to be published on a 4-year cycle. ASME PCC-2–2022 was

approved by ANSI as an American National Standard on April 4, 2022.
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CORRESPONDENCE WITH THE PCC COMMITTEE

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

Secretary, PCC Standards Committee
The American Society of Mechanical Engineers
Two Park Avenue
New York, NY 10016-5990
http://go.asme.org/Inquiry

Proposing Revisions. Revisions are made periodically to the Standard to incorporate changes that appear necessary
or desirable, as demonstrated by the experience gained from the application of the Standard. Approved revisions will be
published periodically.
The Committee welcomes proposals for revisions to this Standard. Such proposals should be as specific as possible,

citing the paragraph number(s), the proposed wording, and a detailed description of the reasons for the proposal,
including any pertinent documentation.

Proposing a Case. Casesmay be issued to provide alternative rules when justified, to permit early implementation of
an approved revision when the need is urgent, or to provide rules not covered by existing provisions. Cases are effective
immediately upon ASME approval and shall be posted on the ASME Committee web page.
Requests for Cases shall provide a Statement of Need and Background Information. The request should identify the

Standard and the paragraph, figure, or table number(s), and be written as a Question and Reply in the same format as
existing Cases. Requests for Cases should also indicate the applicable edition(s) of the Standard to which the proposed
Case applies.

Interpretations. Upon request, the PCC Standards Committeewill render an interpretation of any requirement of the
Standard. Interpretations canonlybe rendered in response toawritten request sent to theSecretaryof thePCCStandards
Committee.
Requests for interpretation should preferably be submitted through the online Interpretation Submittal Form. The

form is accessible at http://go.asme.org/InterpretationRequest. Upon submittal of the form, the Inquirer will receive an
automatic e-mail confirming receipt.
If the Inquirer is unable to use the online form, he/she may mail the request to the Secretary of the PCC Standards

Committee at the above address. The request for an interpretation should be clear and unambiguous. It is further rec-
ommended that the Inquirer submit his/her request in the following format:

Subject: Cite the applicable paragraph number(s) and the topic of the inquiry in one or two words.
Edition: Cite the applicable edition of the Standard for which the interpretation is being requested.
Question: Phrase the question as a request for an interpretation of a specific requirement suitable for

general understanding and use, not as a request for an approval of a proprietary design or
situation. Please provide a condensed andprecise question, composed in such away that a
“yes” or “no” reply is acceptable.

Proposed Reply(ies): Provide a proposed reply(ies) in the form of “Yes” or “No,” with explanation as needed. If
entering replies to more than one question, please number the questions and replies.

Background Information: Provide the Committee with any background information that will assist the Committee in
understanding the inquiry. The Inquirer may also include any plans or drawings that are
necessary to explain the question; however, they should not contain proprietary names or
information.

xix

https://www.asme.org/codes-standards/asme-code-committee/contact-committees
https://cstools.asme.org/Interpretation/InterpretationForm.cfm


Requests that arenot in the formatdescribed abovemaybe rewritten in theappropriate format by theCommitteeprior
to being answered, which may inadvertently change the intent of the original request.
Moreover, ASME does not act as a consultant for specific engineering problems or for the general application or

understanding of the Standard requirements. If, based on the inquiry information submitted, it is the opinion of
the Committee that the Inquirer should seek assistance, the inquiry will be returned with the recommendation
that such assistance be obtained.
ASMEprocedures provide for reconsideration of any interpretationwhen or if additional information thatmight affect

an interpretation is available. Further, persons aggrieved by an interpretation may appeal to the cognizant ASME
Committee or Subcommittee. ASME does not “approve,” “certify,” “rate,” or “endorse” any item, construction, proprietary
device, or activity.

Attending Committee Meetings. The PCC Standards Committee regularly holds meetings and/or telephone confer-
ences that are open to the public. Personswishing to attend anymeeting and/or telephone conference should contact the
Secretary of the PCC Standards Committee.
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ASME PCC-2-2022 

PART 1 
SCOPE, ORGAN IZATION,  AN D I NTENT 

Article 101 
I ntroduction 

101-1 SCOPE 

This Standard provides methods for repair of equip­

ment, piping, pipelines, and associated ancillary equip­
ment within the scope of ASME Pressure Technology 

Codes and Standards1 after they have been placed in 
service. These repair methods include relevant design, 
fabrication, examination, and testing practices and may 
be temporary or permanent, depending on the circum­
stances. 

The methods provided in this Standard address the 

repair of components when repair is deemed necessary 
based on appropriate inspection and flaw assessment. 

These inspection and flaw evaluation methods are not 
covered in this Standard, but are covered in other 

post-construction codes and standards. 

This Standard does not purport to address all of the 
safety concerns, if any, associated with its use. It is the 
responsibility of the user of this Standard to establish 

appropriate safety and health practices, and determine 
the applicability of regulatory limitations prior to use. 

Only technical procedures and info rmation are 
provided; administrative or policy requirements are 
outside of the scope of this Standard. 

101-2 ORGANIZATION 

This Standard is divided into five Parts. 
(a) Part 1 covers the scope, organization, and intent 

and is applicable to all articles in this Standard. 
(b) Part 2 covers repair methods and techniques that 

include the use of welding, brazing, soldering, or other 
methods involving metal deposit. 

(c) Part 3 covers mechanical repairs, with or without 
sealant, such as bolted clamps or fixtures and includes all 

repair methods not covered in Part 2 or Part 4. 

( d) Part 4 covers repairs using nonmetallic means, such 
as nonmetallic liners and wraps, and bonding (e.g., joining 
by epoxy), including bonding of metallic components. 

1 Equipment and piping within the scope of ASME Pressure Technology 
Codes and Standards includes piping (including pipelines) and piping 
components (such as valves), boilers, pressure vessels (including 
heat exchangers), and storage tanks. 

1 

(e) Part 5 covers examination and testing methods and 
techniques. 

101-3 INTENT 

101-3.1 General 

This Standard provides technical information, proce­
dures, and recommendations for repair methods that 

were determined by consensus to be recognized and 

generally accepted good engineering practice. Where 
equipment repair is subject to jurisdictional regulation, 

jurisdictional approvals may be required. 

101-3.2 Acronyms and Definitions (22) 

The words shall, should, and may are defined in the Fore­
word of this Standard. When used in the repair articles of 

this Standard, they have the following intent: 

shall: indicates an action that is an essential element of the 
repair method that cannot be eliminated. 

should: indicates an action that when performed, is gener­
ally considered to be good practice; however, there are 
some circumstances when the action is not appropriate 

or required, so the word should is used to provide flex­
ibility for the article to cover a broad range of circum­

stances. It is not mandatory unless so specified by 
others in the application of these articles. 

m ay: indicates an action that is permitted, but not 
required. 

101-3.2.l Acronyms 

AP! 

ASM (ASM 
Interna­
tional) 

ASME 

ASNT 

AWS 

AWWA 

BPVC 

American Petroleum Institute 

American Society of Metals 

The American Society of Mechanical Engineers 

American Society for Nondestructive Testing 

American Welding Society 

American Water Works Association 

Boiler and Pressure Vessel Code 



ASME PCC-2-2022 

Table continued 

BS (BS!) British Standards Institute 

EPRI Electric Power Research Institute 

ID Inside diameter 

IDLH Immediately dangerous to life or health 

ISO International Standards Organization 

MAOP Maximum allowable operating pressure 

MAWP Maximum allowable working pressure 

NDE Nondestructive examination 

NDT Nondestructive testing 

NPS Nominal pipe size 

OD Outside diameter 

OSHA Occupational Safety and Health 
Administration 

QA/QC Quality assurance/quality control 

SMYS Specified minimum yield strength 

SSPC-SP Steel Structures Painting Council Standards 

UV Ultraviolet (radiation) 

WRC Welding Research Council 

101-3.2.2 Definitions 

clad restoration: the application of corrosion-resistant 

weld metal on carbon steel or low alloy base metal, for 
the purpose of restoring the original corrosion-resistant 

weld overlay or cladding. The original cladding could have 
been applied by methods such as roll bonding or explosion 
bonding. 

closure weld: the final weld connecting pressurized 

systems (e.g., piping or vessel) or components usually 
performed in the field. 

effective depth: the depth below the finished weld surface 
at which weld metal chemical analysis is performed. The 

effective depth is as defined in ASME BPVC, Section IX, 
QW-462.S(a). 

examination: the process of determining the condition of 
an area of interest by nondestructive means against estab­

lished acceptance or rejection criteria. 

fitness-for-service (FFS) assessment: methodology outlined 

in ASM E/API FFS - 1/API 579- 1 , whereby flaws or a 
damage state in a component is evaluated to determine 
the adequacy of the component for continued operation. 

hydrostatic test: a pressure or tightness test where liquid, 
typically water, is the test medium (not to be confused 
with in-service leak test) . 

in-service leak test: a test using the process medium of the 

pressure equipment performed at start-up of the equip­
ment. 

inspection: the observation of any operation performed on 
materials and/or components to determine its accept­

ability in accordance with given criteria. 

2 

lamination: internal separation or weakness generally 
aligned parallel to the worked surface of the metal. 

May be the result of blisters, seams, inclusions, or segre­
gation elongated and made directional by working. 

owner: the company or entity that owns or is responsible 

for the equipment. 

piping: assemblies of piping components (e.g., pipe, 

fittings ,  flanges,  gaskets, bolting, valves) used to 

convey fluids. 

pneumatic test: a pressure or tightness test where a gas, 
generally nitrogen or air, is the test medium. 

pressure test: a test performed to ensure the gross integrity 
of the pressure component on new pressure equipment or 

on previously manufactured pressure and piping equip­

ment that has been or is in service and that has undergone 
an alteration or repair to a pressure boundary( s) to deter­

mine the gross integrity of the pressure component. A 
pressure test may be performed with liquid (hydrostatic 
test), with gas (pneumatic test), or with a combination of 

both (hydro-pneumatic test). 

ring-type joints (RT]): flanges that have been hexagonally 

grooved to concentrate the bolt load over a small area 
producing high sealing stresses when fitted with a 

metal ring-type joint gasket (as detailed in ASME 8 16.20). 

risk: the product of the probability of an event (likelihood} 
and its consequence (outcome). In some situations, risk is 

a deviation from the expected. When probability and 

consequence are expressed numerically, risk is the 
product. 

risk analysis: the systematic use of information to identify 
sources and to estimate the risk. Risk analysis provides a 
basis for risk evaluation, mitigation, and acceptance. Infor­

mation can include historical data, theoretical analysis, 
informed opinions, and concerns of stakeholders. 

risk-based inspection (RBI): a risk assessment and manage­

ment process outlined in ASME PCC-3 that is focused on 
loss of containment of pressurized equipment in proces­
sing facilities, due to material deterioration. These risks 

are managed primarily through equipment inspection. 

safety data sheet (SDS): a data sheet for chemicals that 

defines important information such as the levels of toxi­

city, flammability, and first-aid actions required. 

tightness test: a test that is performed to ensure overall 

leak tightness of the system or its connections before the 
process medium is introduced. 

weld buildup: the application of weld metal that is the same 
chemistry as the base metal for the purpose of restoring 

metal thickness. 

weld overlay: the application of weld metal that is different 

from the base metal for the purpose of a desired property 
(e.g., corrosion resistance, chloride resistance, etc.). 
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101-3.3 Administrative Requirements 

For administrative requirements such as inspection, 
documentation, and quality control, the user is referred 

to an applicable post-construction code and to the juris­
dictional requirements. In the absence of an applicable 
post-construction code or jurisdictional requirements, 

the owner of the pressure equipment or piping should 

establish the administrative requirements. A post­
construction code is one that provides requirements 

and guidance for inspection and/or repair of equipment 
after it has been placed in service, and may include the 

references to the original construction code. Examples 

of post-construction codes include NB-23, AP! 510, AP! 
570, and AP! 653.  

101-3.4 Application 

(a) Users of the articles contained in this Standard are 
cautioned that these articles have been developed gener­

ically and are recommended for general applications. They 
may not necessarily be suitable for all applications. 
Precautionary considerations are provided, but should 
not be considered all inclusive. Sound engineering prac­
tices and judgment should be used to determine the applic­
ability of a specific method or part of a method to a specific 

application. The phrase engineering practices and judg­
ment refers to technical judgments made by knowledge­
able engineers or subject-matter experts experienced in 

the application of repair practices. Engineering judgments 
shall be consistent with good engineering practices, and 

such judgments shall never be used to overrule mandatory 

requirements or specific prohibitions of this Standard. 
Each repair should be subject to an appropriate review 

by qualified personnel, and this review should consider 
subsequent deterioration of the repaired component. 

(b} Additional l imitations and considerations are 
contained in section 2 of the individual articles. 

(c) The repair methods provided in the articles in this 

Standard are applicable to a variety of damage mechan­
isms. Examples of damage mechanisms may be found in 
AP! Recommended Practice 571 .  Other applications of 

repair for damage mechanisms are provided for in indi­
vidual articles. 

101-3.5 Alternative Use 

While this Standard covers repair of equipment within 

the scope of ASME Pressure Technology Codes and Stan­

dards, it may be used on equipment constructed in accor­

dance with other Codes and Standards. 

101-3.6 Articles' Independence 

Individual articles in this Standard may be used inde­
pendently of other articles, except when otherwise noted. 

However, Part 1 applies to all articles in this Standard. 
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101-3.7 Repair Life 
Many of the repair techniques included in this Standard 
are considered to be permanent, intended to remain in 

place for the life of the repaired component. Others 
may only be suitable for s hort-term s ervice, and 

should be replaced with a more permanent repair at 
an appropriate opportunity. The anticipated life of a 
repair depends on many circumstances, and could 
include consideration of risk. As such, this Standard 

does  not classify repair methods as permanent or  
temporary. Rather, technical considerations that affect 

the expected life of the repair are stated in the individual 
articles. 

101-3.8 Code References 
Reference to specific codes is generally avoided in this 

Standard because the equipment or piping could have 
been constructed in accordance with a number of different 

codes. Where such a reference is provided, it is generally 

the intent to include, by reference, a specific technical 
provision. 

101-3.9 Welding 
Requirements for welding, including qualification of 
welding procedures, welders, and welding operators 

s hould generally follow an applicable construction 
code or post-construction code, except when otherwise 

specified herein. 

101-3.10 Allowable Stress 
Calculations involving the allowable stress use the allow­

able stress from the original construction code or post­

construction code, unless otherwise specified in specific 
articles. 

101-3.11 Examination 
When qualifications of examiners, methods of examina­
tion, extent of examination, and acceptance criteria are 

not specified, they should follow the requirements of 

an applicable construction code or post-construction 

code. 

101-3.12 Records 
The owner should keep records that document the repair. 
Specific requirements for documentation are not provided in 
this Standard. The owner should retain records that comply 
with applicable jurisdictional and post-construction code re­
quirements. Documentation may include such items as a 
description of the condition that required attention and 
its cause, repair procedures that were used, photos prior 
to and after the repair, examination procedures and 
records, heat treatment records, test records, and the 
names of the persons/firms performing the repair and ex­
amination and their certification. The documentation forms 
part of the history of the pressure component and should be 
retained as long as it is relevant. 
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PART 2 
WELDED REPAI RS 

Article 201 
Butt-Welded I nsert Plates in Pressure Com ponents 

201-1 DESCRIPTION 

201-1.1 General Considerations 

The repair of pressure components by butt-welded 
insert plates involves the replacement of  pressure 

boundary material in a pressure component with an 
insert plate attached by full penetration butt welds. 
This repair method is applicable to cylindrical, spherical, 
and conical shells and to flat pressure components. It may 

be used for single and double curvature shells. It may also 
be used on other pressure components (such as formed 

heads) if the curvature of the replaced section matches the 

curvature of the original pressure part. It is not limited by 
the size of the pressure component, except where practical 

considerations preclude the use of an insert, such as on 
small diameter pipe or tube. It may be used on small 
diameter pressure components if special care is taken 
to ensure a close fit of the insert plate and the existing 

pressure component and that the repaired pressure 
component meets the tolerance requirements of the ap­

plicable construction code. 

201-1.2 Replacement of Local Areas in Pressure 
Vessel Shells or Pipe Walls 

This repair method is intended to be used to replace 
portions of pressure-retaining vessel shells or pipe 
walls that have been damaged by cracks, local wall thin­

ning from erosion, corrosion, and other damage mechan­
isms. The insert plate may contain one or more nozzles/ 
man ways. 

201-1.3 Replacement of Entire Component 

Replacement of an entire component, shell plate, or a 
complete shell course of a cylindrical shell, or a complete 

circular segment of a sphere, or a complete head, or a 
section of a pipe is not considered in this repair method. 
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201-2 LIMITATIONS 

201-2.1 Part 1 of This Standard 

Part 1 of this Standard contains additional require­
ments and l imitations. This Article shall be used in 

conjunction with Part 1.  

201-2.2 Additional Considerations and 
Limitations 

When applying this repair method, consideration shall 
be given to compatibility of materials, operating condi­
tions for the intended life of the component, fitting and 

welding to minimize the residual stresses and distortions, 

and any limitations on nondestructive examination and 

pressure testing. 

201-2.3 Loadings 

This method may be used for equipment subject to 
either internal or external pressure. I f  the pressure 

component is subject to external pressure, additional 
consideration shall also be given to any loss of buckling 
strength as a result of permanent distortions or misalign­

ment in the repaired component. If the pressure compo­

nent is subject to cyclic loading, additional consideration 
shall be given to the effect of permanent distortions on the 

fatigue life of the repaired component. 

201-2.4 Corrosion-Resistant Weld Overlay or 
Cladding 

This repair method may also be used in vessels that are 
either clad with corrosion-resistant lining or weld overlay. 

The insert plate cladding or weld overlay shall be compa­
tible with the existing materials and suitable for the 

intended service. Consideration shall also be given to 

the use of weld details and welding procedures suitable 
for the intended service. 
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201-2.5 Dissimilar Metals 

Use of dissimilar materials (base metal and welds) is not 
prohibited, but the materials shall meet the required 

minimum mechanical properties for the pressure compo­
nent and shall be carefully evaluated for compatibility 
between the dissimilar materials and the service environ­
ment, both internal and external. If thermal fatigue is a 

possibility, consideration shall be given to the potential 
for accelerated fatigue cracking in the dissimilar metals 

combination. 

201-3 DESIGN 

201-3.1 Construction Code 

The insert plate thickness, material, and welds shall 
meet the design requirements in the applicable construc­

tion code for the existing pressure component into which 
it is being installed and shall be consistent with the joint 
efficiency or joint quality factors used in the original 

design, except as permitted in para. 201-3 .3 . The allowable 

stresses shall be the same as in the applicable construction 
code for the existing component. 

201-3.2 Materials 

Insert plates and welds should be of the same material 
as the existing pressure component, or of another material 
that has at least equal notch toughness and allowable 

stress, conforms to the requirements of the applicable 
construction code, and is suitable for the intended 

service. Where ASME materials are used, the replacement 

material should have the same ASME P-Number designa­
tion as the pressure component material into which the 

insert is being installed. 

201-3.3 Insert Plate Thickness 

The insert plate thickness should be not less than the 
nominal thickness of the material it welds into. If a thinner 

insert plate than the nominal thickness of the material it 

welds into must be used, it shall be evaluated for the 
intended service (such as fatigue due to cyclic loading) 
using the rules in the applicable construction code for 

the pressure component, or the applicable post-construc­
tion code. See para. 201-4.1.5. 

201-3.4 Rectangular and Square Insert Plates 

Rectangular and square insert plates shall have corners 
rounded to a radius, except when the entire shell plate is 
replaced. Rectangular and square insert plates 13 mm (1;2 
in.) thick and up to and including 25  mm (1 in.) thick 
should have a 75 mm (3 in.) or a larger corner radius. 
Insert plates less than 13 mm (% in.) thick may have 

smaller corner radii. Insert plates over 25 mm (1 in.) 

thick should have a 150 mm (6 in.) or a larger corner 
radius. 
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201-3.5 Flush Inserts 

Flush inserts in pipe or tube may be round or oblong 
cutouts, as shown in Figure 201-3 .5-1, or rectangular 

cutouts with rounded corners. 

201-3.6 Insert Plate Size 

The insert plate shall be of sufficient size to replace the 
entire area of the existing pressure component that has 
been assessed as not being fit for continued operation and 

to ensure that all welds are in sound material. 

201-3 . 6 . l  M i n i m u m  Size of I nsert Plates. The 
minimum diameter, or length and width dimensions of 

nonpostweld heat-treated, butt-welded carbon and low 
alloy steel insert plates shall be the lesser of 1 2 t  or 
3 8 0  mm ( 1 5  in . )  (where  t i s the thickness of the 

parent material) . See para. 201-3 .8. 

201-3.7 Structural Stability at Cutouts 

Consideration should be given to structural stability and 
possible distortion of the unsupported plate edges oflarge 

openings (cutouts) in the vessel shell. An assessment 
should be made for the need of temporary supports 
around the unsupported edges of such openings during 

removal of the shell section to be replaced with an 

insert plate. The assessment shall consider all loading con­

ditions that may occur on the vessel and the component 
during the repair, including structural stability of vessels 

during postweld heat treatment (PWHT). 

201-3.8 Insert Plates With Nozzles 

The nozzle/manway reinforcement in insert plates with 
nozzles shall meet the design requirements and weld 
details of the applicable construction code for the pressure 

component. The minimum diameter of insert plate with a 
nozzle shall be the larger of the following: 

[a) for all nozzle/manway assemblies, the diameter of 
the nozzle/manway penetration plus the width needed for 

nozzle reinforcement and any edge bevels. 
{b) for carbon and low alloy steel nozzle/manway 

assemblies for which the nozzle-to-butt patch (shell) 

weld is not postweld heat treated before or after the 
assembly is welded into the shell, the diameter of the 

insert plate needed to maintain a minimum distance of 

1 5 0  mm (6 in.) between the nozzle attachment weld 
and the nearest edge of the insert plate butt weld. 

However, the diameter of the insert plate for nozzles 
having an outside diameter 300 mm (12 in.) or smaller 

need not be larger than 2 times the outside diameter 

of the nozzle. (See also Figures 201-3.8-1 and 201-3.8-2.) 



ASME PCC-2-2022 

Figure 201-3.5-1 
Flush Insert in Pipe or Tube 

(a) Note ( 1 )  

0 
25 dog to 35 dog (� 

� 
(bl Note (2) (cl Note (3) 

(d) Note (4) 
NOTES: 
(1) Side view of cutout in pipe or tube with edge bevels. [Illustration 

(a) shows single-grooved joint detail with 25 deg to 35 deg edge 
bevel in pipe or tube. Other joint details and edge bevels may be 
used, as appropriate for a particular weld joint.] 

(2) Plan view of insert with edge bevels. [Illustration (b) shows an 
insert with one-sided joint detail.] 

(3) Side view of the insert with edge bevels. (Other joint details and 
edge bevels may be used, as appropriate for a particular weld 
joint.) 

(4) Side view of welded insert in pipe or tube. 
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Figure 201-3.8-1 
Flush Insert Plate (With or Without Nozzle/Manway) 
With Its Butt Weld Intersecting Existing Butt Weld in 

Shells or Heads 

Note ( 1 )  

Note (3) 

Note (3) 

NOTES: 
(1) Existing butt weld in vessel shell or head. (This figure shows butt 

weld in a cylindrical shell.) 
(2) Thirty deg minimum angle. 
(3) Full RT or UT, or MT or PT both sides of existing butt weld, 100 

mm ( 4 in.) min. each side of intersection with insert plate. 
( 4) Insert plate butt weld. Full RT or UT, or MT or PT both sides of 

weld. 
(5) See para. 201-3.8. 
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Figure 201-3.8-2 
Intersecting "Doghouse" Type Insert Plate Butt Weld 

(With or Without Nozzle/Manway) With Shell Butt Weld 
in Vessel Shells and Heads 

NOTES: 
(1) Existing butt weld in vessel shell or head. (This figure shows butt 

weld in a cylindrical shell.) 
(2) Length of cut in shell butt weld, 150 mm (6 in.) minimum on each 

side of intersecting insert plate butt weld. 
(3) Insert plate butt weld. 
(4) Cut existing shell butt weld to 150 mm (6 in.) minimum on each 

side of intersecting insert plate butt weld and bevel edges (or arc 
gouge edges) to the desired edge bevels. Reweld after completion 
of insert plate butt weld. Full RT or UT, or MT or PT both sides of 
new weld. 

(5) See para. 20 1-3.8. 

201-4 FABRICATION 

201-4.1 Cutting and Forming 

201-4.1.1 Edge Bevels. Edge bevels in the insert plate 
and in the pressure component may be prepared by 
thermal cutting, arc gouging, machining, or grinding. 

The method should be appropriate for the material 
and welding process(es) used. 

All edges prepared for welding shall be examined to the 
requirements of the applicable construction code or post­

construction code for the pressure component being 

repaired. All unacceptable indications shall be repaired 

to the requirements of the applicable construction 
code or post-construction code. 

201-4.1.2 Forming. Forming the insert plate to the 

desired shape may be accomplished by any process 
that does not impair the properties of the plate material. 

It may be rolled or pressed to the proper curvature such 

7 

that it conforms to the curvature of the vessel shell after it 
has been installed and welded into the vessel shell, pipe, or 

tube. For pipe or tube inserts, the insert may also be cut 
from another piece of pipe or tube of the same diameter 
and thickness as the pipe or tube to be repaired. Thicker 

pipe or tube inserts may be used, provided they meet the 
requirements of para. 201-4.1 .5 . 

201-4.1.3 Forming Strains in Carbon and Low Alloy 
Steels. Carbon steel and low alloy steel insert plates 
should be heat treated (stress relieved, normalized, or 

quenched and tempered, if appropriate) subsequently 
when the resulting extreme fiber elongation during 
cold forming is more than 5%, as determined by the 

following formulas: 
(a J For single curvature shells (cylinders) 

sot ( Rf ) percent extreme fiber elongation = - 1 - - , % Rj R0 

(b) For double curvature (heads and spherical shells}, 

7St ( Rj ) 
percent extreme fiber elongation = - 1 - - , % Rf Ro 

where 
R1 = final centerline radius, mm (in.) 

R0 = original centerline radius, mm (in. ) .  (Radius 

equals infinity for flat plate.) 
t = plate thickness, mm (in.) 

As an alternative, the rules of the original construction 
code may be used. 

201-4.1.4 Forming Strains in Other Materials. Cold­

forming strains (e.g., from bending) in materials other 
than carbon and low alloy steel shall not exceed the limita­
tions in the applicable construction code without a 
subsequent heat treatment. 

201-4.1.5 Alignment at Edges of I nsert Plate. The 

alignment at edges of the insert plate butt weld shall 
be such that the maximum offset is within the limitations 

of the applicable construction code for the pressure 

component. If the insert plate thickness exceeds these 
limitations, the edge(s) of the insert plate shall have a 

tapered transition having a length not less  than 3 

times the offset between the adjacent surfaces of abutting 
sections. 

201-4.2 Welding 

201-4.2.1 Welded Joints. The weld between the insert 
plate and the existing pressure component shall be a full 
penetration butt weld. Where possible, double-welded 

butt joints should be used. 
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201-4.2.2 Strength of Welded Joints. The welded 
joints (weld metal and heat-affected zones) shall meet 
the minimum strength1 and toughness requirements 
and other requirements in the current edition of the ap­
plicable construction code for the pressure component. 

201-4.2.3 Qualification of Welding Procedures and 
Welders. Welding procedures, welders, and welding 
operators shall be qualified in accordance with the re­
quirements of the applicable construction code or 
post-construction code. Welding procedure qualifications 
shall include impact tests as required by the applicable 
construction code for the pressure component. Vessel 
(production) impact tests are not required. 

201-4.2.4 Welding Materials. Welding materials and 
processes shall be as currently permitted by the applicable 
construction code or post-construction code for the pres­
sure component. Welding of carbon and low alloy steels 
with low hydrogen electrodes and processes is recom­
mended. 

201-4.2.5 Welds in Damaged Areas. All welds between 
the insert plate and the existing shell should be in sound 
material. In some cases, the welds may be in a damaged 
area, provided any damage is considered in the design of 
the repair, and the damage has been evaluated and is ac­
ceptable by the rules of the applicable post-construction 
code. 

201-4.2.6 Cleaning of Areas to Be Welded. Oil, grease, 
paint, scale, and other foreign material shall be removed 
from the area adjacent to the weld and a sufficient distance 
away from the weld to avoid contamination. 

201-4.2.7 Fit-U p  of I nsert Plates. Fit-up of insert 
plates is important to the integrity of the repair. The 
weld details and welding procedures shall be such as 
to facilitate full penetration and to minimize distortion 
and flat spots due to weld shrinkage and the risk of 
weld cracking due to the restraint provided by the 
surrounding material. 

201-4.2.8 One-Sided Welds. For flush inserts in pipe or 
tube or other pressure components that do not allow two­
sided welding, gas tungsten arc welding, or another 
welding process that provides an acceptable weld on 
the opposite side should be used for the initial pass 
joining the insert to the pipe wall. Subsequent passes 
may be completed by gas tungsten arc or another 
welding process. Short Circuit Mode of Gas Metal Arc 
is not recommended for these types of welds. 

1 Matching strength filler metal as noted in the AWS 5.X filler metal 
specifications should be used for welding pressure components. Use of 
as-deposited weld metal with substantially greater strength is not 
recommended. 
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201-4.2.9 Weld Contour. The accessible surfaces of 
insert plate butt welds shall preferably be ground2 to a 
smooth contour, or flush if warranted by the service con­
ditions. The weld toe regions shall blend smoothly with 
the base material. The reduction of thickness due to 
grinding shall not exceed 0.8 mm (1;32 in.) or 10% of 
the nominal thickness of the adjoining surface, whichever 
is less. In no case shall the final thickness be less than the 
required thickness. 

201-4.3 Weld Spacing Between Nonintersecting 
Adjacent Butt Welds in Carbon Steel and 
Low Alloy Steel Pressure Components 

201-4.3.1 Minimum Spacing Between Nonpostweld 
Heat-Treated Butt Welds. Nonpostweld heat-treated 
butt welds around the periphery of insert plates shall 
be spaced no closer to existing nonpostweld heat­
treated butt welds or reinforcing plate attachment 
welds than 

(a) for tw :5 13 mm (1/2 in.), 1 50 mm (6 in.) 
(b) for tw > 13 mm (1;2 in.), the greater of 250 mm (10 

in.) and 8tw 

where 
tw = thickness of the thicker of the two adjacent butt 

welds, mm (in.) 

201-4.3.2 Alternative Spacing Between Nonpostweld 
Heat-Treated Butt Welds. The spacing between adjacent 
nonpostweld heat-treated carbon and low alloy steel butt 
welds maybe reduced to the lesser of8twor 200 mm (8 in.) 
for tw s; 40 mm (11/2 in.), provided both butt welds are 
ground smooth, 100% RT or UT examined and 100% 
MT or  PT examined after completion of welding in 
areas where the spacing between the adjacent butt 
welds is less than that specified in para. 20 1-4.3 .1 .  As 
an alternative, the root pass and the weld, after half of 
the groove is filled, may be either 100% MT or PT exam­
ined in place of the 100% RT or UT examination require­
ment above. The butt welds with thicknesses less than 13  
mm (1/2 in.) need only be MT or  PT  examined. See para. 
20 1-5. 1 .  

201-4.3.3 Spacing Betwen Stress-Relieved Butt 
Welds. The spacing between the adjacent butt welds 
shall be not less than 2 tw if the first butt weld has 
been stress-relieved before making the second butt weld. 

201-4.4 Intersecting Butt Welds in Carbon and Low 
Alloy Steel Pressure Components 

201-4.4.1 General Considerations. Intersecting insert 
plate and existing butt welds should be avoided where 
possible. Where it is impractical for the insert plates to 
avoid an existing nonstress-relieved butt weld, the 

2 Grinding welds to a smooth contour reduces stress concentrations at 
weld discontinuities. 
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insert plate butt weld should be placed such that it inter­
sects the existing butt weld atan angle not less than 30 deg, 
as shown in Figure 201-3 .8-1 .  Alternatively, the insert 
plate may be sized such that it intersects the existing 
butt weld at a 90 deg angle, as shown in Figure 201-3 .8-2 . 

201-4.4.2 Examination. Unless 100% RT or UT exam­
ination is required by the applicable construction code, the 
insert plate butt weld and 100 mm ( 4 in.) of the existing 
butt weld, on both sides of the intersection, shall be 100% 
MT or PT examined after completion of both welds, as 
shown in Figure 201-3 .8- 1 .  In case of the "doghouse" 
type insert plate butt weld shown in Figure 201-3.8-2, 
this examination shall be performed on the full length 
of the new weld along the existing shell butt joint. See 
para. 201-5 .1 .  

201-4.5 Postweld Heat Treatment 

201-4.5.l General Considerations. The butt welds 
between the insert plate and the existing pressure compo­
nent and the weld between the nozzle/manway and the 
insert plate shall be postweld heat treated when required 
by the original construction code or the applicable post­
construction code, or for process reasons, except as 
permitted by the applicable post-construction code. 
Proper precautions should be taken during the PWHT 
to avoid distortion of the welded assembly. 

201-4.5.2 Repairs. Repairs to pressure equipment that 
require PWHT based on service conditions shall be post­
weld heat treated, unless other means (e.g., engineering 
evaluation) are provided to ensure that the as-welded 
joints will be suitable for the service conditions, or as 
permitted by the applicable post-construction code. 

201-4.5.3 PWHT. For the repaired pressure parts that 
require PWHT (either Code-mandated or dependent upon 
service conditions), the PWHT shall be performed in 
accordance with the applicable construction code, 
unless the owner requires a more stringent PWHT 
(e.g., higher PWHT temperature or longer hold time). 

201-5 EXAMINATION OF WELDS 

201-5.l Insert Plate Welds 

All insert plate welds to the existing pressure compo­
nent in pressure vessels shall be examined by radio­
graphic (RT) or ultrasonic (UT) examination methods 
to the extent required by the applicable construction 
code or post-construction code for the pressure compo­
nent. Where UT is used, examination of the root pass by 
either magnetic particle (MT) or liquid-penetrant (PT) 
methods is recommended. The procedures, personnel 
qualifications, and acceptance criteria shall be in accor­
dance with the applicable construction code or post­
construction code. 
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201-5.2 Finished Welded Surfaces 

Unless 1 00% RT or UT examination is required, all 
finished welded surfaces shall be examined by MT and 
PT methods. Examination by the MT or PT methods is rec­
ommended for the root pass of single-groove welds and 
for the backgouge of double-groove welds. No crack-like 
indications, incomplete fusion, or incomplete penetration 
are permissible. 

201-5.3 Piping 

For piping, all nondestructive examination require­
ments shall be in accordance with the current require­
ments in the applicable construction code or post­
construction code. 

201-5.4 Additional Examination Requirements for 
Carbon and Low Alloy Steels 

201-5.4.l Rectangular and Square Insert Plates. For 
rectangular or square insert plates, the welds around the 
rounded corners, as a minimum, shall be either spot RT or 
UT examined. As an alternative, the root pass, the weld 
after half of the groove is filled, and the completed 
weld shall be either MT or PT examined. 

201-5.4.2 Closely Spaced and Intersecting Welds. See 
paras. 201-4.3 and 201-4.4 for additional examination re­
quirements for closely spaced welds and intersecting 
welds. 

201-6 PRESSURE TESTING 

201-6.l General Considerations 

If the vessel or pipe can be isolated for pressure testing, 
and ifit is practical to do so, all insert plate welds should be 
p ressure tested as required in the applicable post­
construction code. Alternatively, nondestructive examina­
tion may be performed in place of pressure testing if 
permitted by the applicable post-construction code at 
the location of the pressure equipment, when contamina­
tion of the pressure-retaining item by liquids is possible or 
when pressure testing is not practical. 

201-6.2 Notch Toughness Considerations 

[a) Consideration should be given to the effect of 
service deterioration and embrittlement from prior 
service conditions on notch toughness characteristics 
of the pressure component before pressure testing. 
The personnel shall maintain a safe distance from the 
pressure component when the pressure is increased 
for the first time. 

{b} Additional safety precautions shall be taken in case 
of a pneumatic test to reduce the risk of brittle fracture. 
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(c) Consideration should also be given to any hazards 
that might be associated with the test medium (toxicity, 
flammability, explosiveness, etc.) . 

201-6.3 Leak Test 

A separate leak test (visual, bubble-forming solutions, 
sniffer, etc.) may be desirable to check for leaks before 
pressurizing the component to the maximum test pres­
sure. Such a leak test should be performed at a safe pres­
sure that is substantially less than the maximum test 
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pressure by pressurizing the component to a desired pres­
sure and reducing the pressure to the leak test pressure 
before performing the leak test. 

201-6.4 Vessels and Piping With Insulation or 
Coating 

All testing and inspections should be performed prior to 
application of insulation or coatings. 
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Article 202 
External Weld Buildup to Repair I nternal Thinning 

202-1 DESCRI PTION 

202-1.1 Introduction 

This Article addresses the repair of pressure compo­
nents (piping or pressure vessels) degraded by wall thin­
ning due to flow-accelerated corrosion (FAC), erosion­
corrosion (EC) and other internal thinning mechanisms 
by buildup of weld metal on the exterior of the degraded 
pipe or pressure vessel section. This Article does not 
address the repair of cracked components. 

202-1.2 Restoration of Wall Thickness 

When appropriate, applying a weld buildup repair to 
the exterior of a thinning pressure component (pipe/pres­
sure vessel) can provide the necessary structural rein­
forcement and can eliminate the need for either total 
replacement of the component or an internal weld 
repair. Specifically, a weld buildup procedure can be 
used to structurally restore steel (carbon, low alloy, or 
austenitic stainless steel materials suitable for welded 
construction) components to the appropriate wall thick­
ness without resorting to replacement efforts. In some 
cases, it is possible to perform a repair while the compo­
nent is in operation. The use of a weld buildup as a perma­
nent repair shall include consideration of the thinning 
mechanism. 

202-2 LIMITATIONS 

202-2.1 Additional Requirements 

Part 1 of this Standard contains additional require­
ments and l imitations .  This Article shall be used in 
conjunction with Part 1. 

202-2.2 Cracking 

A weld buildup shall not be used for structural rein­
forcement when there is indication of any form of 
cracking. 

202-2.3 Evaluation of Medium 

In all cases, the user shall evaluate the flammability, 
volatility, and potential reactions of the medium within 
the pressure component prior to application of any 
welding process. In no case should welding be performed 
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without a thorough understanding of  the medium 
contained within the pressure component. This should 
also include an evaluation of the medium for potential 
reactions with the base material due to the heat from 
welding. Examples of process media that should be prop­
erly flushed from the system prior to repair include 
hydrogen, hydrogen cyanide, oxygen, alkaline/caustic 
materials ,  butadiene, acetylenic compounds, H 2 S, 
chlorine, and acids. In some cases, cleaning procedures 
may be necessary to prepare a pressure component 
system for repair. 

202-2.4 Operation in Creep Temperature Range 

Buildup repairs of components that are operated at or 
near the creep temperature range should only be qualified 
through an engineered design approach as described in 
section 202-3. 

202-2.5 Blocked-in Liquid-Filled Components 

Blocked-in liquid-filled components should not be 
repaired due to the potential for pressure increase 
from thermal expansion. 

202-3 DESIGN 

Figure 202-3-1 depicts the weld buildup dimensions 
referred to in this section. 

202-3.1 Buildup Design 

The weld buildup shall meet the requirements of 
paras. 202-3 .1 . 1  through 202-3.2 .2 .2 . 

202-3.1.l Weld Metal 

202-3.1.1.l Chemistry. The nominal chemistry of the 
deposited weld metal shall match the base material. 

202-3.1.1.2 Tensile Strength. The tensile strength of 
the deposited weld metal shall be at least equal to or 
exceed the tensile strength of the base metal to which 
the weld buildup is applied. 

202-3.l.l.3 Alternative Filler Metals. Alternative 
filler metals (to those specified above) may be used 
with appropriate design calculations and fitness for 
service evaluations. 
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Figure 202-3-1 
Weld Buildup Profile 
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202-3.1.2 Buildup Geometry General Requirements 

202-3.1.2.l Postrepair Examination. The design of 
the buildup shall not hinder postrepair examinations 
and evaluations or any preservice examinations. 

202-3.1.2.2 Extension Beyond Base Metal. The weld 
shall extend, at full thickness, a minimum distance, B, in 
each direction beyond the affected base metal (unless 
otherwise justified by a fitness for service assessment). 

where 
R 

B = 3/.,JRtnom 

outer radius of the component, or Y2D 
nominal wall thickness of the component 

202-3.1 .2.3 Edge Taper. The edges of the weld 
buildups shall be tapered to the existing pressure compo­
nent surface at a maximum angle, a, of 45 deg. 

202-3.1.2.4 Life of Repair. The thickness shall be 
sufficient to maintain the predicted life of the repair. 

202-3.1.2.5 Corner Radius. All corners of the buildup 
shall have a radius, r, not less than the buildup thickness. 

202-3.1.2.6 Corrosion Allowance. Any corrosion 
allowance that is determined to be necessary shall be 
added to these dimensions. The predicted maximum 
degradation of the built-up pressure component, and 
the buildup, over the design life of  the restoration 
shall be analyzed. 
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202-3.1 .2.7 Spaci ng. In addition, two or more 
b u i l d u p s  s h a l l  not be s p a c e d  any c l o s e r  than  

3/4 ,JRtnom between the toe of each buildup. 

202-3 .1 .2 .8  Thickness .  The  thicknes s  of the 
completed buildup, dimension w in Figure 202 -3 - 1 , 
shall not exceed the nominal thickness of the pressure 
component. 

202-3.1.2.9 Other Configurations. Configurations 
not meeting the requirements of paras. 202-3 . 1 . 1  and 
202-3.1 .2  shall be evaluated based on engineering analysis 
(para. 202-3.1 .3.2) or testing (para. 202-3.1 .3 .3) . 

202-3.1.3 Buildup Qualification Requirements. The 
design of the weld buildup shall meet one of the following: 

(a) g u i d e l i n e s  fo r p r e q u a l i fi e d  d e s i g n  i n  
para. 202-3.1 .3 .1 

(b) g u i d e l i n e s  fo r e n g i n e e r e d  d e s i g n i n  
para. 202-3 .1 .3 .2 

(c) guidelines for proof (burst) test in para. 202-3.1 .3 .3 

202-3.1.3.l Prequalified Design. Application of weld 
buildups on straight piping sections and associated welds 
to correct limited degradation may be considered a 
prequalified design and shall be exempt from an engi­
neered design qualification or a proof test qualification 
if all of the following conditions are met: 

(a) All of the requirements of paras. 202-3 . 1 . 1  and 
202-3 .1 .2 are met. 

(b) The maximum design temperature does not exceed 
340°C (650°F} .  

(c) The specified nominal thickness of the existing base 
metal is at least Schedule 40 or Standard Wall, whichever 
is less. 

( d) The maximum angle of the taper does not exceed 30 
deg (a in Figure 202-3-1). 

(e) The finished buildup is circular, oval, full circumfer­
ential, or rectangular in shape. 

(f) For each repair, the maximum dimension (L, length 
along axis) compensated by a circular, oval, or rectangular 
buildup does not exceed the lesser of one-half the nominal 
outside diameter of the pressure component or 200 mm 
(8 in.) . 

(g) Rectangular buildups are aligned parallel with or 
perpendicular to the axis of the pressure component, 
and corners are rounded with radii not less than the 
buildup thickness. 

(h) Oval buildups shall have end radii not less than 
% ,JRtnom and the axis of the buildup shall be aligned 
parallel with or perpendicular to the axis of the compo­
nent. 

(i) The minimum thickness of the buildup shall be suffi­
cient to restore the nominal wall thickness of the pressure 
component. This can be accomplished by subtracting the 
remaining thickness from the nominal thickness of the 
component to obtain the required buildup thickness. 
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OJ The thickness of the buildup shall be relatively 

uniform except for the tapered edges. 
(k) If flexibility analysis was required by the original 

construction code, the effect of the weld buildup shall 
be reconciled with the original analysis or qualified in 
accordance with para. 202-3.1.3 .2 . 

202-3.1.3.2 Engineered Design. The weld buildup 
may be qualified by an engineered design. The allowable 

stress values of the base metal shall apply to the design of 
the weld metal and the following factors shall be consid­
ered in the design: 

(a) the effects of three-dimensional shrinkage 

(b} the effects of flexibility, stress concentration, and 
section properties 

(c) stress concentrations from the pressure component 
internal surface configuration 

( d) the effects of differing thermal expansion coeffi­
cients between the base and the weld metal 

(e) the effects of differing thermal mass of the buildup 
repair 

(f) the potential for creep degradation for service 
temperatures above 340°C (650°F) 

202-3.1.3.3 Proof Test Qualification. As an alterna­

tive to the prequalified design or engineered design, a 
proof test qualification may be performed through a satis­

factory burst test mock-up. The details of the mock-up 
configuration and considerations are in para. 202-3.2. 

202-3.2 Burst Test Procedures 

202-3.2.1 Proof Test Qualification Requirements. As 

an alternative to the engineered design approach, a burst 
test of a mock-up buildup may be performed to qualify a 
weld buildup design. 

202-3.2.1.1 General Requirements. A satisfactory 

mock-up burst test may be used to qualify the weld 
buildup design for application in the same orientation 

on the same type of item, and the same location on fittings, 
when the following conditions are met: 

(a) The base metal is of the same P-No. and Group 

number as the mock-up base material tested. 
(b} The specified minimum tensile strength of the item 

does not exceed that of the mock-up base material tested. 

(c) The average thickness of the buildup area(s) is at 
least the thickness of the mock-up plug, u, in Figure 
202-3-1 .  

(d) The overlap on the full thickness of base metal, B, is 
at least that of the mock-up. 

(e) The transition angle at the outer edges of the 
overlay, a, is not greater than that of the mock-up. 

(f) The buildup surface is similar to or smoother than 

that tested. 

(g) The maximum axial dimension/diameter ratio, L/ D, 
is not more than that tested. 
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(h} The maximum c ircumferential  d imens ion/ 

diameter ratio, C/D, is not more than that tested. 

(i) The nominal diameter is not less than one-half or 
more than 2 times the diameter of mock-up tested. 

OJ The nominal thickness/diameter ratio, t/D, is not 

less than one-half or more than 3 times the t/ D ratio tested. 

202-3.2.1.2 Simulation ofThin Area. To simulate the 

area of wall thinning for pressure testing, a rounded­

corner segment of the base material of the mock-up 
shall be removed to represent the maximum size ratio 
(axial dimension of L and circumferential dimension of 
C) and location of thinning or pitting to be compensated 
for by the weld buildup. A plug of the same base material 

and of uniform thickness, u, not exceeding the smallest 

average thickness on which the buildups will be perma­
nently applied, shall be full-penetration welded around 

the opening and flush with the outside surface of the pres­
sure component. Alternatively, an equivalent volume of 

base metal may be removed from the inside surface of 

the mock-up by machining or grinding, without the 
need for welding in a closure plug. 

202-3.2.1.3 Buildup Thickness. B uildup section 

thickness (deposit + base metal), represented by the 

dimension u and w in Figure 202-3 -1, for the thinned 
area of the mock-up shall be not greater than 87.5% of 

the nominal wall thickness. This is intended to provide 

a conservative thickness for the qualification of the 
buildup design. 

202-3.2.1.4 Burst Pressure. To qualify a repair 

design for general application (on pressure components 
in the same orientation or at the same location on fittings), 
burst pressure shall be not less than: 

where 

2tSact P = --

D 

D = outside diameter of the pressure component, 
mm (in.) 

P = minimum acceptable burst pressure, MPa (psi) 

Sact = reported actual tensile strength, MPa (psi), of the 

base material tested 
t = minimum specified thickness (excluding manu­

facturing tolerance) of base material tested, mm 

(in.) 

202-3.2.1.5 Flexibility Analysis. Ifflexibility analysis 

was required by the original construction code, the effect 
of the weld buildup shall be reconciled with the original 
analysis or qualified in accordance with para. 202-3 .1 .3 .2 . 
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202-3.2.2 Burst Testing Method 

WARNING: Hydrostatic burst testing has the potential to 

cause loss of life and damage to property. All tests shall 

be thoroughly evaluated for safety and control of debris 

from component failure. 

202-3.2.2.1 Pump Selection. The pump station used 
for burst testing should be capable of exceeding the 

maximum calculated burst pressure. The pump should 
be capable of providing a minimum of 25% overpressure 
to allow for burst pressure variations from wall thickness 

tolerances, weld reinforcement, etc. In most cases, the 

actual burst pressure will exceed the calculated value 
by a small margin. 

202-3.2.2.2 Burst Test Fitti ngs and Gages. All 
fittings, hoses, and gages shall be rated for a working pres­
sure equal to or greater than the pump rating. Fittings 

attached to the pressure component mock-up should 

be threaded into the end bells of the mock-up and 
then seal welded to prevent leakage. Gages shall be 
rated for working pressures at or above the pump pres­

sure rating and shall be calibrated to a pressure standard, 
traceable to the National Institute of Standards and Tech­

nology (NIST), or equivalent, by a reputable laboratory. 
The expected burst pressure of the component being 

tested shall fall within one-fourth to two-thirds of the 
gage rating, so as to be in the most accurate portion of 

the gage measurement range. 

202-4 FABRICATION 

This section describes application methods and techni­

ques for applying weld buildups on degraded or thinning 
steel pressure components. This section should be consid­
ered as general requirements for weld building and shall 

be used in conjunction with the requirements of the ap­
plicable construction code or post-construction code. 

202-4.1 Prerepair Inspection Requirements 

202-4.1.1 Evaluation of Base Material. The material 

beneath the surface to be weld built up shall be evaluated 

to establish the average wall thickness and the extent and 
configuration of thinning to be reinforced by the weld 

buildup. Consideration should also be given to the 
cause and rate of deterioration. (If the cause of the thin­
ning is not known or understood, then a materials engi­

neer should be consulted to approve the repair techniques 

and procedures to ensure that the repair will not cause an 
unacceptable change in the deterioration mechanism.) 

202-4.1.2 Volumetric Examination. The user shall 

determine that cracking has not occurred prior to 
commencing the repair. The area of the existing pressure 
component, to which the weld buildup is to be applied, 

should be volumetrically examined prior to performing 

the weld buildup. 
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202-4.1.3 Surface Examination. The entire surface, to 

which the weld buildup is to be applied, shall be examined 

using appropriate NOE technique(s) to verify surface 
quality prior to welding. Acceptance criteria shall be in 
accordance with the applicable construction code or 

post-construction code. 

202-4.2 Prerepair Surface Preparation 

202-4.2.1 General. The surface to be built up shall be 
free from rust, scale, paint, coatings, or other contami­
nants. Grinding or wire brushing may be necessary to 

remove surface oxides or protective coatings. 

202-4.2.2 Solvent Cleaning. Immediately prior to 

welding, the final weld surface should be thoroughly 
cleaned using a solvent, such as acetone, to remove 

any traces of oil or grease .  This procedure will also 
help in removing traces of moisture. Surface contaminants 

may lead to porosity and other welding defects, which may 

adversely affect the welding quality. A clean surface will 

also assist in permitting more accurate nondestructive ex­
amination assessment of the pressure component wall 

degradation. 

202-4.2 .3 Leakage Repair.  All leakage shall  be 
repaired prior to performing the weld buildup repair. 

If sufficient material is available, peening may be used 

to c lose  off the leakage and permit seal  welding. 
Another option is application of a series of overlapping 

weld beads immediately adjacent to the leakage. Once 
sufficient material is available, peen to close off the 

leakage and perform final seal welding. 

202-4.2.4 Special Considerations. Seal welded repairs 

conducted on-line, or to systems containing hazardous 
materials, may require special considerations that are 

outside the scope of this Article. 

202-4.3 Weld Buildup Placement 

202-4.3.1 Mapping of Degraded Area. The area that is 
determined to be degraded below the allowable wall 

thickness should be clearly mapped-out on the pressure 

component surface, using a scribe or other suitable 

marking technique. 

202-4.4 Electrode Size and Filler 

202-4.4.1 Weld Metal Requirements. The required 
weld metal shall conform to para. 202-3 .1 . 1. 

202-4.4.2 Wall Thickness Determination. Prior to 

initiation of welding, the remaining wall thickness shall 
be determined to ensure that the proper electrode size 

is used to prevent burn-through of the pressure compo­

nent wall. 

202-4.4.3 Minimizing Penetration. It is necessary to 
minimize  penetration during the first layer, thus 

smaller diameter electrodes should be used. If in doubt 
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about the accuracy of the wall thickness, such as in the case 

of pitting, the smallest possible electrode should be 
selected. 

202-4.4.4 Electrode Size. The electrode size should 

not exceed the remaining base material wall thickness. 

202-4.4.5 Bum-Through.  The potential for burn­

through and consequences thereof, shall be evaluated. 

202-4.5 Welding Process and Techniques 

202-4.5.1 Welding Procedure Qualification. Buildup 

welding shall be performed using a qualified groove 
welding procedure, in accordance with ASME B PVC, 
Section IX, or as required by the applicable construction 
code or post-construction code. 

202-4.5.2 Welder Qualification. Welders performing 

buildup welds shall be qualified in accordance with 
ASME BPVC, Section IX, or as required by the applicable 

construction code or post-construction code. 

202-4.5.3 Weld ing  Processes. Typical welding 
processes for these repairs include, but are not limited 
to, SMAW and GTAW. 

202-4.5.4 Wall Thickness Considerations. Pressure 
components with wall thickness less than the diameter 

of the electrode should be depressurized before welding. 

202-4.5.5 Depressurization. Consideration should be 

given to depressurizing the system before welding. Alter­
natively, appropriate in-service welding techniques (e.g., 

as provided in API RP 2201) should be used. 

202-4.5.6 Heat Treatment. Heat treatment shall be 

performed in accordance with the applicable construction 
code or post-construction code, or engineering design. 

Heat treatments shall only be applied to equipment 

that is repaired while not in service. In  some cases, 
heat treatment may be required to meet service conditions 

or process and may not be required by construction code 
(e.g., for H2S cracking) . 

202-4.5.7 Temper Bead Technique. Temper bead 
techniques, as permitted in the applicable post-construc­

tion codes, may be used on carbon steel or low alloy steel 
to avoid the need for high temperature heat treatments. 
Avoid use of temper bead methods where process or 

service conditions mandate use of heat treatment (e.g., 
H2S, HCN, HF). 

202-4.5.8 Bead Overlap. A bead overlap of approxi­
mately 50% should be maintained to reduce the potential 

for burn-through and to assist in obtaining proper bead 

placement. In some cases, wastage may have progressed 
to the point where there is risk of burning through the 
component when depos iting the fi rst layer (s) . To  

prevent burn-through in  such situations, the first bead 
should be deposited where the remaining thickness is 
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greater, then subsequent beads should be overlapped 
to step across the thinner area. 

202-4.5.9 Welding Techniques. The techniques speci­
fied in paras. 202-4.5.9.1 through 202-4.5.9.4 may be used. 

202-4.5.9.l Considerations Prior to Welding. Once 

the area to be repaired has been mapped and the pressure 
component surface cleaned, welding may be initiated on 

the first layer. Welding parameters should provide as low 

of a heat input as possible while maintaining fusion. This 

not only reduces the potential for burn-through but also 
reduces the width of the finished heat-affected zone. 

202-4.5.9.2 Initial Welding Pass. The first weld 

pass (es) should follow the outer perimeter of the 

weld buildup location to 
(a) provide an outer gage for the welder. 
(b) improve the heat-affected zone quality by elimi­

nating the potential for a final, untempered weld pass 

on the base metal surface for carbon and low alloy 
steel materials. After completion of the perimeter weld 
pass, the first layer may be welded in accordance with 
the qualified weld procedure. 

202-4.5.9.3 Subsequent Welding Passes. Subse­

quent welding passes may be completed in a normal 
fashion; however, care should be taken with the weld 
passes at the edges of the buildup to maintain the 

edge angle, or taper, to equal or less than that qualified. 

An edge angle of 30 deg is recommended and meets one of 

the provisions for a prequalified design. The taper angle is 
important as it minimizes the stress intensifying effect of 

the buildup due to the changes in surface geometry. 

202-4.5.9.4 Edge Taper Angle. The maximum allow­

able edge taper angle is 45 deg. 

202-5 EXAMI NATION 

The inspections specified in paras. 202-5 .1  through 

202-5.4 apply to weld buildup repairs. 

202-5.l Surface Examination 

The completed weld buildup shall be examined using 

the liquid penetrant or magnetic particle method and shall 
satisfy the surface examination acceptance criteria of the 

applicable construction code or post-construction code. 

202-5.2 Buildup Thickness 

Adequate wall thickness of weld buildup and relevant 

existing base metal shall be verified by ultrasonic thick­
ness measurement. 

202-5.3 Volumetric Examination 

When volumetric examination is required by the appli­
cable construction code or post-construction code, the full 
volume of the finished buildup, excluding the tapered 
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edges, but including the volume of base metal required for 

the design life of the buildup, shall be examined by either 

the ultrasonic or radiographic method. The repair shall 
satisfy the acceptance criteria for girth welds of the ap­

plicable construction code or post-construction code, if 
there are no acceptance criteria for structural buildups, 

butters, or cladding. 

202-5.4 Surface Finish 

Grinding and machining of the as-welded buildup 
surface may be used to improve the surface finish for 
such examinations, provided the buildup thickness is 

not reduced below design requirements. 

202-6 TESTING 

202-6.1 Pressure Testing 

If the pressure component can be isolated for pressure 

testing, all repair locations shall be pressure tested if 

required by the applicable post-construction code.  
Special safety precautions shall be taken when performing 

pneumatic testing to minimize the risk of brittle fracture. 

202-6.2 Volumetric Examination in Place of 
Pressure Testing 

Volumetric nondestructive examination may b e  

performed i n  place o f  pressure testing, when pressure 

testing is not practical. Leak testing may be required 

to satisfy post-construction code requirements. 
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202-6.3 Insulation and Coating 

All testing and examinations shall be performed prior to 

application of insulation or coatings. 

202-7 REFERENCES (22) 

The following is a list of publications referenced in this 
Article .  Unless otherwise specified, the latest edition shall 

apply. 

AP! 510, Pressure Vessel Inspection Code: Maintenance 
Inspection, Rating, Repair, and Alteration 

AP! 5 70, Piping Inspection Code: Inspection, Repair, 
Alteration, and Rerating of In-Service Piping Systems 

AP! RP 2201, Safe Hot Tapping Practices in the Petroleum 
and Petrochemical Industries 

Publisher:  American Petroleum Institute (AP!}, 2 0 0  
Massachusetts Avenue NW, Suite 1 100, Washington, 
DC 2 0001-5571 (www.api.org) 

ASME Boiler and Pressure Vessel Code, Section IX -

Welding, Brazing, and Fusing Qualifications 
Publisher: The American Society of Mechanical Engineers 

(ASME), Two Park Avenue, New York, NY 10016-5990 
( www.asme.org) 

National Board Inspection Code, NB-23 
Publisher: National Board of Boiler and Pressure Vessel 

Inspectors (NBBI), 1055 Crupper Avenue, Columbus, 

OH 43229 (www.nationalboard.org) 
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Article 203 
Seal-Welded Th readed Connections and Seal Weld Repairs 

203-1 DESCRIPTION 

203-1.1 Introduction 

Where piping systems, pressure vessels, and process 

equipment are assembled by threaded connections, the 

mechanical seal of standard tapered pipe threads can 
be sufficient for many industrial applications. However, 

some systems handling fluids at high temperatures or 

high pressures; fluids that are flammable, toxic, or reac­
tive; or fluids requiring very low leak rates, may not rely 

solely on threaded joints for leak tightness. 

203-1.2 Seal Welds 

When the convenience of a threaded connection is 

desired, and the reliable seal of a welded connection is 
required, a seal-welded threaded joint is sometimes 

used .  Seal welds are applied after the threads are 
engaged. The mechanical strength of the joint is  provided 

by the threads, while the seal weld provides leak tightness. 

203-1.3 How Seal Welds Are Used 

Seal welds are used in two different ways. Some are 

installed in new construction, as part of the original 

design. Other seal welds are used after construction, as 
a maintenance procedure to seal threaded connections 

that have leaked. Finally, older plants might have threaded 

connections that were permitted in past specifications but 
need to be upgraded today by seal welding as part of an 

integrity management program. 

203-2 LIMITATIONS 

203-2.1 Additional Requirements 

Part 1 of this Standard contains additional require­
ments and l imitations. This Article shall be used in 

conjunction with Part 1. 

203-2.2 Special Considerations Outside of Scope 

Seal-welded repairs conducted on-line, or to systems 

containing hazardous materials, may require special 
considerations that are outside the scope of this Article. 
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203-2.3 Consideration of Hazards 

Before seal welding an existing threaded connection, 
consideration should be given to the potential hazard 

of the existing system, the ability to isolate the connection 
while the plant is still running, personnel exposure to the 
system contents, and the consequences of an unscheduled 

plant shutdown. Also, without attention to the details in 
this Article, seal-welded threaded connections are prone 

to cracking and leakage. Upon careful evaluation of these 

considerations, it may be concluded that a more appro­

priate action is to replace the component( s) containing the 
threaded connections. 

203-2.4 Potential Contaminants 

For repair of leaking threaded connections, the original 

thread sealant compound, thread lubricant, and process 
fluid contamination can make seal welding difficult and 

result in cracking of welds. 

203-2.5 Welding and Material Considerations 

For all seal welds, careful evaluation of the joint is 
needed. Some threaded connections are made of materials 

that are difficult to weld, such as cast iron. Joints may 
r e q u i r e  high preheat, s ta in less  o r  chrome- moly  

welding fillers, or  other special welding requirements, 
based on the materials of construction and service. 

203-2.6 Removal of Coatings 

It is essential that coatings, including zinc galvanizing, 

be removed from the weld zone before welding. Recoating 
the joint area, after welding and testing are complete, shall 
be considered. 

203-2.7 Welding Effect on Adjacent Components 

In seal welding of threaded connections, consideration 
shall be given to the possible damaging effects of welding 
on adjacent components, such as soft seats in threaded 

valves. 



ASME PCC-2-2022 

203-3 DESIGN 

203-3.1 Applicable Codes 

For repair of original seal welds, consult the original 

construction code or applicable post-construction code. 
The requirements specified in (a) and (b) are from the 
ASME 8 PVC, Section I, ASME 8 3 1 .1 ,  and ASME 8 3 1 .3 ,  

but may be successfully used on any seal-welded joint 
repair. 

(a) The seal weld shall only be used to provide the 

hermetic seal, not the mechanical strength to the joint. 
(b J All of the remaining exposed threads (if any) shall 

be completely covered with weld metal. 

203-3.2 Application to Existing Joints 

For repair of leaking threaded connections that are not 

originally seal welded, it may not be possible to meet the 
conditions of para. 203-3 . l (a) or para. 203-3 .l(b) . Seal 
welds applied over existing threaded joints may b e  

less reliable than new construction, s o  the user must eval­
uate the safety and reliability of each application indivi­

dually. 

203-3.3 Joint Reassembly 

If the joint is disassembled, it shall be reassembled 

without the use of any tape, lubricants, or joint compound. 

203-3.4 Two Pass Welds 

The use of two pass welds over all exposed threads shall 
be considered. Two pass welds increase the reliability of 

the joint. 

203-4 FABRICATION 

203-4.1 Cleaning 

Remove the system from service, and drain the process 

fluid. Make the system safe for hot work. This may be done 
by purging with steam, nitrogen, or other inert gas. 

203-4.2 Cleaning of Joints 

Prior to seal welding, joints shall be cleaned to remove 

all surface contamination. 

203-4.3 Welding Qualifications 

Welders and welding procedures shall be qualified per 

ASME 8PVC, Section IX, or other applicable construction 

code or post-construction code. 

203-4.4 Fatigue Considerations 

For connections subject to vibration or fatigue, consid­
eration shall be given to removal by grinding of all exposed 

threads prior to seal welding. 
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203-4.5 Prior Seal Welded Joints 

For repair or replacement of original seal welds 
(a) if installing replacement pipe or fittings, do not use 

thread sealant compound or lubricant 
(b J for repair without disassembly, the integrity of the 

old seal weld should be inspected visually to determine if it 
should be completely removed 

203-4.6 Welding Existing Connections Without 
Disassembly 

For seal welding original threaded connections without 
disassembly, 

(a) remove as much old thread sealing joint compound 

as possible. A wire brush, grinder, or torch may be needed. 
(b) expect the likelihood of porosity in the first pass, 

caused by burning joint compound or trapped fluid. 

(c) grind out any porosity or other defects and reweld. 
Repeat as necessary until weld is leak tight. 

203-5 EXAMI NATION 

203-5.1 Visual Examination 

All thread seal welding shall be examined by visual ex­

amination (VT). 

203-5.2 Magnetic Particle and Liquid Penetrant 
Examination 

Magnetic particle examination (MT) or liquid penetrant 

examination (PT) may be used to provide greater assur­
ance of leak tightness as applicable. 

203-5.3 Acceptance Standards 

Acceptance criteria shall be in accordance with the ap­
plicable construction code or post-construction code. 

203-6 TESTING 

203-6.1 Initial Service Testing 

For most applications, an initial service leak test, in 
which the joints are examined for leakage when the 

system is returned to service, is sufficient. Where the 
possibility of leakage during an initial service leak test 
is unacceptable, additional NOE, or a hydrostatic or pneu­

matic leak test should be performed prior to placing the 
system in service. 
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203-6.2 Leak Testing 

If greater assurance ofleak tightness is required prior to 
service, a preservice leak test may be used. Options 

include bubble testing, pneumatic testing, and hydrostatic 
testing. 

NOTE: The user is cautioned to consider any hazards that might 
be associated with the test medium (e.g., toxicity, flammability, 
reactivity, explosibility), pressure level of fluid, and coincident 
stress level/temperature of the components. 
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203-7 REFERENCES 

The following is a list of publications referenced in this 
Article. Unless otherwise specified, the latest edition shall 

apply. 

ASME Boiler and Pressure Vessel Code, Section I - Power 

Boilers; Section IX - Welding, Brazing, and Fusing 

Qualifications 
ASME B3 1 .1, Power Piping 

ASME B3 1.3, Process Piping 
Publisher: The American Society of Mechanical Engineers 

(ASME), Two Park Avenue, New York, NY 10016-5990 

( www.asme.org) 
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Article 204 
Welded Leak Box Repair 

204-1 DESCRIPTION 

(a) A welded leak box consists of an enclosure used to 

seal off or reinforce a component. An example of a leak box 
is illustrated in Figure 204-1-1.  

(b J Leak boxes are commonly used to seal repair­

leaking components or reinforce damaged components. 
(c) Leak repair boxes can have a variety of shapes (e.g., 

cylindrical, rectangular, with either flat or formed heads), 

often following the contour of the pipe or component 
being repaired. Leak repair boxes can also be used to 
enclose components such as flanges and valves or fittings, 

branches, nozzles, or vents and drains. 
(d} Leak repair boxes are typically custom-made by 

welding split pipe, pipe caps, or plates. 

(e) The annular space between the leak repair box and 
the repaired component can be left empty, or filled or lined 
with epoxy, sealant, fiber, refractory materials, or other 
compounds. 

(/) A leak box can be nonstructural (designed to contain 
leaks) or structural (designed to reinforce and hold 
together a damaged component). 

204-2 LIMITATIONS 

204-2.1 General 

Part 1 of this Standard, "Scope, Organization, and 

Intent," contains additional requirements and limitations. 

This Article shall be used in conjunction with Part 1.  

Figure 204-1-1 
Example of a Welded Leak Box Repair of a Tee 
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204-2.2 Crack Repair 

Normally, leak boxes are used to contain leaks at pack­
ings, and at flange and gasketed joints, or to contain leaks 

(or potential leaks) due to local thinning. Since the leak box 

may not prevent the propagation of a crack in the pipe or 
component, leak repair boxes shall not be used when 

cracks are present, unless 

(a) the conditions that led to the crack formation and 
propagation have been eliminated so that the crack will 

not grow during the planned life of the repair 
(b} a fitness-for-service assessment shows that the 

crack growth during the planned life is acceptable, and 

that the crack will not propagate across the leak repair 
box closure weld 

(c) the crack is circumferential and the repair is a struc­
tural leak box, where the leak box and its welds are 
designed for the case of full circumferential break of 

the pipe, or separation of the cracked component 

(d} the leak box fully encapsulates a cracked vent or 
drain 

204-2.3 Qualifications 

Installation, welding and sealant injection, where nec­

essary, shall be performed by personnel qualified under 
conditions representative of the field application. 

204-2.4 Safety 

Personnel shall be aware of hazards in welding on 

degraded components, and shall take the necessary 
precautions to avoid unacceptable risks. 

(a) A hazard review should be undertaken prior to 
starting the work to address all credible problems that 

could arise. 

(b) If the component is leaking or has the potential to 

leak during installation, and if the contents are hazardous, 
additional precautions should be taken and they should be 

addressed during the prejob hazard review meeting (e.g., 
need for fresh air suit, etc.). 

204-3 DESIGN 

204-3.1 Materials 

Materials for the leak box shall be listed in the construc­
tion or post-construction code, and be compatible with the 

fluid, pressure, and temperature, with due consideration 
for the stagnant condition created by a leak offluid into the 

box. Generally, the material of construction of the leak box 

should be similar to the repaired component and weldable 
to the existing pressure boundary. The leak box design and 
construction, including material selection, shall be done 

considering the deterioration mode that led to the need for 
the repair. The leak box shall be suitable for resisting this 
deterioration mode for the life of the repair. 
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204-3.2 Design Life 

The design life of the repair shall be based on the 
remaining strength of the repaired component, the corro­

sion resistance, and mechanical properties of the leak box 
and welds. 

204-3.3 Failure Modes 

The box design shall consider the potential introduction 

of new failure modes in the boxed component. For 
example, 

(a) external parts of the repaired component, now 
enclosed by the box, such as flange bolts, can significantly 
degrade, crack, or corrode if in contact with the leaking 
fluid. 

(b) because the leak repair box can be at a lower 

temperature than the component, condensation of 
leakage gases can create corrosive effects. 

(c) the box can modify the temperature of the compo­

nent and lead to higher corrosion rate, or cause dew point 
corrosion. 

(d} temperature of encapsulated bolting can increase 

and bolting can yield, as a result of the contact with the 
process fluid or the insulating effect of the box. 

(e) the development of operating and residual stresses 
due to constrained differential expansion. 

204-3.4 Temperature and Toughness 

The leak box materials shall satisfy the minimum 

temperature and, where applicable, minimum toughness 
requirements of the applicable construction code or post­

construction code. 

204-3.5 Design Conditions 

Leak repair boxes and attachment welds shall be 
designed for design conditions and anticipated transient 

loads imposed on the repaired pipe or component, 
following the design requirements of the construction 
or post-construction code. 

204-3.6 Qualification 

In cases where there are no applicable design require­

ments, the principles of the applicable construction code 
or post-construction code shall be followed. Components 

of the leak repair box that are fabricated by machining 
standard fittings (such as cutting-out an opening in stan­
dard pipe caps to make end pieces) shall be qualified by 

analysis or testing, as provided in the applicable construc­

tion code or post-construction code, and be reinforced if 

necessary. 
The leak repair box shall not be welded to the knuckle 

region of end caps or formed heads unless the design is 
qualified by analysis or proof testing, including considera­

tion of fatigue cycling. 
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204-3.7 Corrosion Allowance 

The design of the leak box shall include the applicable 
corrosion allowance, consistent with the service and the 

design life of the repair. 

204-3.8 Design Loads 

The design of the welded leak box for normal operating 
conditions shall consider 

(a) the coincident maximum and minimum pressures 

and temperatures of the system, unless means are 

provided to limit the pressure in the leak repair box. 
Designing the box for a lower range of design and oper­

ating temperatures than the component may be accept­
able if justified by heat transfer analysis. 

The weld joint efficiency factor assigned in designing 

the leak box shall be consistent with the type and 
extent of weld examinations. 

(b) the load imposed by the weight of the leak repair 

box, including the entrapped leaking fluid and annular 
space material. 

(c) the effects of expans ion, including differential 
expansion or contraction, and the effect on the flexibility 
of the pipe or component. On insulated lines and compo­

nents the leak box may also be insulated to minimize 

differential expansion. 

204-3.9 Transient Loads 

The design of the welded leak box for anticipated tran­

sient loads shall consider 
(a) thrust loads, in case of full circumferential separa­

tion of the pipe or component. Design for the axial thrust 
resulting from full circumferential separation may be 

waived, provided the calculated remaining strength of 

the degraded component at the end of the design life 
(including expected continuing degradation in service) 
is determined to be sufficient. Additional restraints 

may be added to the pipe or component to reduce the 
loads on the leak box. 

(b) wind, earthquake, or fluid transients (fluid hammer 

or liquid slug), as applicable. 
(c) other applicable design conditions. 

204-3.10 Vents and Drains 

(a) When repairing a leaking component, the leak box 
assembly should be designed with vents and drains to 

permit venting the leak while assembling the box, then 

draining the annulus as necessary. 
(b} The vent or drain should include a threaded cap, a 

flange, or a valve that will be opened during welding to 

preclude internal pressure buildup, and closed after 
welding, inspection, and testing. This same vent or 
drain may be used to vent or drain the leak repair box 

in the future. 
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(c) If leak sealant material is to be injected into the leak 

repair box, these vent and drain connections may be used, 

or separate injections may be provided. 

204-3.11 Sound Metal 

The leak box shall be sufficiently long to extend to a 
sound area of the repaired component. The component 
to be repaired shall be examined to ensure that there 

is sufficient wall thickness at the weld locations to 
avoid burn-through during welding of the box to the 
component. 

204-3.12 Sealant Pressure 

If using sealant injection, the possibility of inward 
collapse of the repaired component due to the annulus 

pressure of the injected sealant shall be considered. 
Consideration should be given to off-gassing of sealant 

compounds as they cure. 

204-3.13 Sealant Seepage 

If using sealant injection, the possibil ity and conse­
quence of sealant seeping into the damaged component 

shall be considered. 

204-3.14 Joints 

Leak boxes over expansion joints, slip joints, ball joints, 
etc., are special cases that shall require analysis of the 

loads in the pipe system, anchors, and component 

nozzles with the box installed, with due consideration 
for thermal-induced movements in operating and shut­
down conditions. 

204-4 FABRICATION 

204-4.1 Preparation 

The component to which the box will be welded shall be 
free of loose corrosion deposits, dirt, paint, insulation, 

mastics, and other coatings in the vicinity of the box­
to-component welds. 

204-4.2 Leak Box Installation 

(a) If the leak box is too large to be lifted by hand, lifting 

devices may be necessary. 

(b) During installation, care shall be taken so as not to 
damage the box, especially the weld bevels. 

(c) For small leaks, the leak box may be placed directly 

over the leak. Larger or higher pressure installations may 
require the leak box be assembled on the component to the 

side of the leak and then slid and welded over the leak. 
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204-4.3 Welding 

The weld procedure and welder shall be qualified to 
perform the repair under the applicable construction 

code or post-construction code. 

204-4.4 In-Service Welding 

The leak repair box may be installed and welded to the 
component when out of service or, with the necessary 
safety procedures, in service. For welding in service, 

the weld procedure qualification shall properly address 

preheat temperature, weld cooling rate, the risk of 
burn-through, and the effect of the welding temperature 
on the strength of the metal under service conditions. 

204-4.5 Leaking Component 

If the component is leaking prior to repair, considera­
tion should be given to stopping the leak prior to welding 

the leak box. 

204-4.6 Heat Treatment 

Preweld and postweld heat treatment shall conform to 
the applicable construction code or post-construction 
code, unless deviations are justified by a fitness for 

service analysis. Based on the service conditions, the 
need for preweld and postweld heat treatment beyond 

the requirements of the applicable construction code 

or post-construction code should be considered. 

204-5 EXAMI NATION 

204-5.1 Qualifications 

Nondestructive examination (NOE) personnel, exami­
nation procedures, and acceptance criteria shall be in 

accordance with the applicable construction code or 

p o s t - c o n s t r u c t i o n  c o d e ,  e x c e p t  as n o t e d  i n  

paras. 204-5.2 and 204-5.3, and be consistent with the 
joint efficiency or joint quality factors used in design. 

204-5.2 NOE Exemptions 

NOE confirmation of full penetration of welds may be 
omitted if justified for the service conditions, such as in 

case of 
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(a) low-calculated stresses for normal and anticipated 
transient loads; for example, below half the design allow­

able stress at operating temperature 
{b) where there is a low risk of crevice corrosion at the 

box-to-component weld joint 

204-5.3 Surface Examination 

Welds that cannot be examined by radiographic or 
ultrasonic methods because of weld geometry should 

be examined by liquid penetrant or magnetic particle 
m ethods, and the j oint efficiency factor assigned in 

des ign of the leak box shall be consistent with the 

method and extent of examination. 

204-5.4 Evaluation 

Results of examinations should be evaluated following 

the criteria of the applicable construction code or post­

construction code. 

204-6 TESTING 

204-6.1 Test Pressure 

The designer shall determine the type of pressure or 
leak test to be conducted after installation, on the 

basis of risk (likelihood and consequence) of failure of 
the  repa ired  c o m p o n e nt when  p r e s s u r i z i n g  the 

annulus between the box and the component. 

204-6.2 Test Method 

The test may consist of one of the following: 
(a) an in-service leak test (if the consequence of an in­

service leak out of the box is acceptable) 
{b) a hydrostatic test if there is no risk of overheating 

the test water above flashing temperature at atmospheric 

pressure 

(c) a pneumatic pressure test 
(d) a sensitive leak test (such as air with bubble solu­

tion, or helium leak test) 

204-6.3 External Pressure 

The potential for external pressure collapse of the 

carrier pipe during the test should be considered in speci­

fying the test pressure. 
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Article 205 
Weld Ring Gaskets (Welded Lip Seals) 

205-1 DESCRI PTION 

(a) A weld ring gasket consists of a pair of metallic 

rings. Each individual ring is welded to its respective 
flange face before assembly. Upon assembly of the 

joint, the two rings are welded together at their outer 

periphery. Use of weld ring gaskets is an option when 
conventional gaskets are considered undesirable and 
the need for disassembly of the j oint is infrequent. 

These gaskets are generally described as being semide­
ta ch able,  as the welded seal ing j o int needs to b e  

undone as well as the flange bolts. 
(b) Several types of weld ring gaskets are available 

i n c l u d i n g  m e m b r a n e  w e l d  r i n g  g a s k e t s  
(Figure 205-1 -1),  weld ring gaskets (Figure 205- 1-2),  

and hollow-lip weld ring gaskets (Figure 205-1-3) .  
(c) Weld ring gaskets have been most  commonly 

referred to as welded lip seals in the United States. 

The term "ring" is also used in this Article to refer to 

weld ring gaskets. 

205-2 LIMITATIONS 

205-2.1 Additional Requirements 

Part 1 of this Standard contains additional require­

ments and limitations. This Article shall be used in 
conjunction with Part 1.  

Figure 205-1-1 
Membrane Weld Ring Gaskets 
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205-2.2 Additional Considerations and 
Limitations 

This Article is limited to weld ring gasket construction 

similar to that described in section 205-1.  The seal manu­
facturer's specific recommendations and requirements 
should be followed for installation, repair, or replacement 

of weld ring gaskets. 

NOTE:  Some weld ring gasket manufacturers will provide 
guidance regarding maximum number of times that a given 
pair of weld ring gaskets may be cut and rewelded before re­
placement is required; the manufacturers should be consulted 
for their recommendation and disassembly procedure if appli­
cable. If  reuse of the rings is attempted, a lack of care in the 
cutting of the rings fo r disassembly could damage them 
beyond the ability to repair them successfully. 

205-3 DESIGN 

(a) This Article applies to the removal and replacement 

of failed weld ring gaskets or the installation of weld ring 
gaskets to replace conventional gaskets. 

Figure 205-1-2 
Weld Ring Gaskets 

Seal body 
thickness 
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Figure 205-1-3 
Hollow-Lip Weld Ring Gaskets 

Seal body 
th ickness 

(b) Membrane weld ring gaskets consist of two similar 
rings each of which is typically about 4-mm (0.16-in.) 

thick. The gasket material is generally made of the 

same or related material as the flange to account for 
i s s u e s  such as chemical  a n d  weld compatib i l i ty, 
thermal conductivity, and radial differential expansion. 

Each ring is individually welded to its mating flange by 

an inside joint weld. Upon jo int assembly, a second 
welding operation joins the two rings at their outer 

diameter, which provides for a fully welded joint. 
(c) Membrane weld ring gaskets and weld ring gaskets 

cannot accommodate much radial differential expansion. 
Depending upon the style of the gasket, the radial differ­

ential movement can be as little as 0 .1  mm (0.004 in.) but 
not more than 0.5 mm (0.02 in.). 

(d) Welds associated with weld ring gaskets are seal 
welds and not strength welds. Weld ring gasket width 
should be designed to resist the internal pressure in 
the hoop direction. 

(e) Weld ring gaskets and hollow-lip weld ring gaskets 

typically have a seal body thickness of about 15 mm (0.59 

in.) (Figures 205-1-2 and 205-1-3) .  

(f) Hollow-lip weld ring gaskets offer improved stress 
conditions in the seal weld at the outer periphery and have 
increased ability to absorb movement. Hollow-lip weld 

ring gaskets should be used for joint assembly where 

flange differential thermal radial expansion can occur. 
Hollow-lip weld ring gaskets can accommodate up to 5 

mm (0.2 in.) radial differential expansion depending on 
the geometry of the torus. 
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(g) Finite difference or finite element analysis should 
be performed on the flanges associated with a given joint 

to determine the relative radial flange movement and the 
effect on the stress in the lip weld ring welds if the 

following conditions exist: 
(1) The materials of construction that the lip weld 

ring welds to or the lip weld ring itself has significantly 

different coefficients of expansion, or the flanges have 
significantly different thermal mass and the operating 

temperature exceeds 93°C (200°F). 

(2) The operating temperature exceeds 1 76°C  
(3 50°F) . 

(h) A review should be made to determine if there is 
sufficient room to perform the seal weld on the outer 
periphery of the weld ring gasket. If sufficient room 

does not exist with traditional flanges, then special 

flanges incorporating beveling of the flanges between 

the mating surfaces may be required (Figure 205-1-1 ) .  

NOTE: A n  example of a flange bevel i s  shown i n  Figure 205-1-1 .  
However, the flange bevel may also be applied to Figure 205-1-2 
or Figure 205-1-3 if determined to be necessary. 

(i) When used as a replacement for conventional 

gaskets in an existing joint, the following should be consid­
ered: 

(1) Weld ring gaskets do not require any compres­

sive stress to maintain the seal in flange design terms since 
they are self-energized seals. Therefore, the only flange 
bolting required is for hydrostatic end loading and 

external axial  and m o m e nt loads .  Wh e n  u s e d  to 
replace conventional gaskets, the existing flanges and 

bolting should be assessed in accordance with the appli­

cable code to ensure they are adequate. 
(2) The outside diameter of the seal body is typically 

located at or just beyond the outside of the flange facing. 
The seal lips should extend beyond the main body of the 

seal; therefore, clearance between the seal body and the 
bolting should be provided. If there is insufficient clear­

ance, locating the seal body outside diameter inside the 
flange facing outside diameter should be considered; this 
alternate approach does not work with membrane weld 

ring gasket designs. 

(3) Slight beveling of the flanges may be required to 
provide adequate clearance for welding the Ii ps [see (h )] . A 
review of the flange design should be made considering 
the location of the seal and any flange beveling to ensure 

the flanges are adequate. 
(4) Follow para. 205-4.3 when replacing conven­

tional gaskets with weld ring gaskets. 
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205-4 FABRICATION 

205-4.1 Preparation 

Although some design information is available from 

weld ring gasket manufacturers, weld ring gaskets are 
predominantly custom designed to suit the specific appli­
cation. 

205-4.2 Disassembly Procedure for an Existing 
Weld-Ring Gasket 

Step 1. Before disassembly, mark four bolt holes per 
flange at 90 deg to each other. Bolt holes should be 

marked on the s a m e  stud  h o l e  p e r  fl ange  with 

numbers 1, 2 ,  3,  and 4 .  If i t  is possible to  re-install the 
flange in more than one orientation, the flange should 
also be marked to ensure that it is re-installed with 

the original orientation. 
Step 2. If the flange assembly has 16 or more studs, 

remove studs, leaving every fourth stud. On smaller 

flanges with less than 16 studs, remove every other stud. 
Step 3. Using a cutting wheel or cut-off disc, carefully 

grind the seal weld at the edge of the seal lips between 

studs that have been left in place. Grinding should be the 

minimum amount necessary to remove the weld. Grinding 
fixtures are available from some of the seal manufacturers 
to assist in grinding the welds. 

NOTE: In the case of hollow-lip weld ring gaskets, there is a 
potential that some residual contents may be present and 
those contents can still be under some residual pressure. 

Step 4. Use liquid penetrant examination, or an alter­

nate examination technique such as a feeler gauge, around 
the edge of the seal to ensure the weld has been removed. 

Damage to the seal will occur ifthe weld is not completely 
removed prior to completely separating the connection. 

Step 5. If the flange assembly has 16 or more studs, 
install studs in the center hole of each group of bolt 

holes from which studs were previously removed in 
Step 2.  Every other hole now should have a stud installed. 

On smaller flanges with less than 16 studs, install studs 
back into the holes from which studs were removed in 

Step 2. 

Step 6. The reinstalled studs should be tightened or 
tensioned to a load not exceeding the original assembly 
load. 

Step 7. Remove studs that were originally left installed 
in Step 2. 

Step 8. Grind and inspect seal lips of the remainder of 

the seal as specified in Steps 3 and 4. 
Step 9. Remove remaining studs and separate the joint. 

Step 1 0. Protect the seal surfaces during any mainte­

nance and handling activities to avoid damage to the 

weld ring gasket. 
Step 1 1. If the weld ring gasket is attached to a flange 

with a weld-overlaid surface, the weld overlay should be 
examined to ensure that it remains intact from the seal 
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removal operation, or  that no  defects in  the fil let 
welds exist that could compromise future operation. 

An examination method using a copper sulfate solution 
or similar method should be used to ensure the integrity 

of the weld overlay. 

205-4.3 Assembly Procedure for a New Weld Ring 
Gasket 

Step 1. Ensure that the flange gasket surface is clean 

and free of foreign material that may affect the fit-up 
or weld quality. 

Step 2. Check the flange surface for flatness in accor­

dance with ASME PCC-1, Nonmandatory Appendix D. The 
flatness should be better than hard gasket criterion. 

Step 3. Install four centering pins into the four marked 

holes on the flange identified in para. 205-4.2, Step 1, and 
center the pin in the hole. 

Step 4. Place a ring gasket on one of the flanges and 
locate the ring inside the centering pins with the lip of 
the ring forming a gap between the flange and the 
outside of the weld ring (Figure 205-4.3-1) .  

Step 5. Center the ring on the flange using feeler gauges 
between the centering pins and the weld ring until all the 

gaps are equal [±0.25 mm (0.01 in.)]. Clamp the ring in 

place using a sufficient number of clamps to hold the 
seal in place on the flange. The clamps should hold the 

seal tightly against the flange surface. If there is any 
gap between the seal and the flange surface, when the 
joint is assembled, the attachment welds may fail and 

joint leakage can occur. 

Step 6. Weld the ring to the flange as follows: 

4 

Figure 205-4.3-1 
Centering Pin Arrangement 

1 
Centering 

pins 
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Figure 205-4.3-2 
Clamped Lip Seal 

Centering p in  

Weld ring 
gasket 

Welded area 

(a) Tack the weld ring to the flange on the inside 
diameter of the ring, then completely weld the ring to 

t h e  fl a n g e  o n  t h e  i n s i d e  d i a m e t e r  o f  t h e  r i n g  
(Figure 205-4.3-2) .  

(b) Care should be  taken at  all weld starting and stop­
ping points to prevent weld defects, which can cause joint 

leakage. 
(c) Welding procedures, welders, and welding 

operators should be qualified in accordance with the 
current requirements of the applicable construction 

code or post-construction code. 
( d) If the weld ring gasket is attached to a flange with 

a weld-overlaid surface, refer to the information in 

para. 2 0 5-4 .2 ,  Step 1 1 .  I f  the flange involves a low 
alloy chrome-moly base metal, care should be taken to 

minimize the heat input to mitigate the need for postweld 
heat treatment. 

(e J Ifnot otherwise specified, ASME BPVC, Section IX; 

AWS 0 1.1/Dl.lM; or AWS Dl.6/Dl.6M, as applicable, may 
be used for procedure and performance qualifications. 

Step 7. Remove centering pins. 
Step 8. Examine the weld both visually and by the liquid 

penetrant method. 
Step 9. Repeat Steps 1 through 7 using the mating weld 

ring gasket and flange. 
Step 1 0. Carefully clean and inspect the seal mating 

surfaces for foreign material or damage - do not 

proceed if damage is visible. 

Step 1 1. Position the flange/seal joint for assembly. 
Step 12. Install a lubricated stud in every other bolt 

hole. 
Step 13. Check the radial alignment of the weld rings, 

0.75 mm (0.03 in.) maximum misalignment is allowed. 
Step 14. Once the weld rings are radially aligned, the 

studs should be tightened in accordance with ASME PCC-1, 

section 10 or one of the alternative tightening procedures 

of ASME PCC-1, Nonmandatory Appendix F. Target bolt 
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pre-stress should be determined in accordance with 
ASME PCC- 1 ,  Nonmandatory Appendix O using the 

following criteria: 
(a) a gasket seating stress of 10 ksi (69 MPa) 
(b J a minimum gasket seating stress of 5 ksi (34 MP a) 
(c) a minimum gasket operating stress of 2 ksi (14 

MPa) 

(d) a maximum gasket stress of 60 ksi (414 MPa) 
(e) an assembly flange rotation limit of 1 deg (unless 

further assessment of the effect on the weld stress levels is 
conducted). 

Step 15. Check the gap between the weld rings using a 

0.25 mm (0.01  in.) feeler gauge. Repeat this around the 

flange checking where studs are not installed. If the gap 
exceeds 0.25 mm (0.01 in.), or a suitable gap is determined 

during the weld procedure qualification, perform one of 
the following: 

(a) Increase load on the studs. 
(b) Install the remaining studs over the area where 

the gap exceeds 0.25 mm (0.01 in.) or a suitable width 
determined during the weld procedure qualification. 

When performing the weld on the outer periphery of 

the welding lip in Step 1 6, remove one stud at a time 
and weld the lip. Replace the stud and repeat over the 

next segment. 

(c) Mechanically deform the gasket to reduce the 
gap. 

Step 1 6. Weld the outside periphery of the lip of the 

weld ring between studs, and examine the weld both 

v i s u a l l y  a n d  by t h e  l i q u i d  p e n e t r a n t  m e t h o d  
(Figure 205-4.3-3) .  

Step 1 7. Install lubricated studs into remaining bolt 

holes and tighten the studs using the method indicated 
in Step 14. 

Step 18. Remove the original studs installed in Step 12  

and complete the welding of the outside periphery of  the 
lip in between studs, and examine the weld both visually 
and by the liquid penetrant method. 

Step 1 9. Install studs in remaining holes and tighten the 

studs using a bolting pattern as indicated in Step 14. 

Figure 205-4.3-3 
Assembled Lip Seal 
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Step 20. Check and adjust the bolt preload of all studs. 
Complete circular passes or additional tensioning passes 

until nuts no longer turn at the target bolt stress. 

205-4.4 Procedure for Weld Ring Gasket and 
Membrane Weld Ring Gasket Seal 
Replacement 

When it has been determined that a weld ring gasket 
needs to be replaced, Steps 1 through 6 should be followed. 

NOTE: Reasons for replacement of a weld ring gasket include, but 
are not limited to the following: 

(a) the recommendation of the weld ring manufacturer after 
consideration of the specific conditions 

(b) damage of the rings upon disassembly such that the rings 
cannot be successfully reassembled and rewelded 

(c) for welded lip seals, when the lip extends less than 1.5 mm 
(0.06 in.) from the body of the seal ring 

Step 1. Disassemble the joint per para. 205-4.2 . 
Step 2. Carefully grind off the fillet welds that attach the 

seal halves to the flanges. Grind the welds until the seal 
halves release from the flanges, but be careful not to gouge 

the flange facing. Very slight grinding below the flange 
surface will not affect sealing. 

Step 3. Remove the seal halves. Do not pry seal to break 
welds as tearing of the flange surface could occur. 

Step 4. Grind any weld remaining on the flange surfaces 

flush with the flange surface. The flange surface should be 
checked for flatness in accordance with ASME PCC-1, Non­

mandatory Appendix D. The flatness should be better than 

hard gasket criterion. If the weld ring gasket is attached to 

a flange with a weld-overlaid surface, the weld overlay 
should be examined to ensure that it remains intact, or 

that no defects in the fillet welds exist that could compro­
mise future operation. An examination method using a 
copper sulfate solution or similar method should be 
used to ensure the integrity of the weld overlay. 

Step 5. Install a new seal half on each flange per 
para. 205-4.3, Steps 1 through 8. 

Step 6. Assemble the joint per para. 205-4.3, Steps 9 
through 19. 

205-5 NOE EXAMI NATIONS 

ASME Boiler and Pressure Vessel Code, Section V should 

be used for NOE examination methods. 

205-5.l Visual Examination 

All weld ring gasket fit-ups should be visually examined 

prior to welding. All finished welds, including repair 
welds, for weld ring gaskets should be visually (VT) exam­

ined. 
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205-5.2 Liquid Penetrant Examination 

All finished welds, including repair welds, for weld ring 

gaskets should be examined using liquid penetrant exam­

ination (PT). 

205-5.3 Ultrasonic Examination 

For hollow-lip weld ring gaskets, if it is possible to volu­
metrically examine the butt weld on the outer periphery of 
the torus, the butt weld should be ultrasonically examined 

(UT). 

205-5.4 Acceptance Criteria 

205-5.4.1 VT Acceptance Criteria. All surfaces shall be 

free of cracks, incomplete fusion, undercut, slag, and 
porosity. 

205-5.4.2 PT Acceptance Criteria. No relevant indica­

tions. 

205-5.4.3 UT Acceptance Criteria. The acceptance 
criteria shall satisfy the applicable construction code 

or post-construction code. The user should consider 
the consequences of a leak in the selection of the appro­

priate extent of examination and acceptance criteria. 

205-6 TESTING 

(a) After the flange joint is reassembled in the field, it 
should be subjected to a leak test prior to being placed in 

service, or an in-service leak test. 

(b) An in-service leak test is one in which the joint is 

monitored for leakage as pressure is increased in the 
system. 

(c) The selection of the most appropriate testing 
method should consider the hazard of the service and 

any jurisdictional requirements. 

( d) For general guidance on flanged joint leak tightness 
testing, refer to Article 501 and ASME PCC-1, section 12 .  

205-7 REFERENCES 

The following is a list of publications referenced in this 
Standard. Unless otherwise specified, the latest edition 
shall apply: 

ASME Boi ler  and Pressure Vessel Code,  Section V, 
Nondestructive Examination 

ASME Boiler and Pressure Vessel Code, Section IX, Quali­
fication Standard for Welding, Brazing, and Fusing 

Procedures; Welders; Brazers; and Welding, Brazing, 

and Fusing Operators 
ASME PCC-1 ,  Pressure Boundary Bolted Flange Joint 

Assembly 
Publisher: The American Society of Mechanical Engineers 

(ASME), Two Park Avenue, New York, NY 10016-5990 

( www.asme.org) 
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AWS Dl .1/Dl .lM, Structural Welding Code - Steel 
AWS D l.6/Dl.6M, Structural Welding Code - Stainless 

Steel 
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Publisher: American Welding Society (AWS), 8669 NW 36 
Street, No. 1 30, Miami, FL 33 166-6672 (www.aws.org) 
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Article 206 
Full Encirclement Steel Reinforcing Sleeves for Piping 

206-1 DESCRIPTION 

This Article applies to the design and installation of full­
encirclement welded steel sleeves for piping or pipelines. 
The sleeves can be designed for non-pressure-containing 

reinforcement or for pressure-containing reinforcement. 

Full encirclement reinforcement sleeves have proven 
effective in the repair of a wide variety of internal and 
external defects. 

206-1.1 Full Encirclement Steel Sleeve 

Full encirclement steel sleeves consist of a cylindrical 

shell placed around the pipe section to be repaired and 

welded along the two longitudinal seams, as illustrated in 
Figures 206-1.1 .1-1 and 206-1 .1 .2-1.  There are two types 

of sleeves, herein referred to as "Type A" and "Type B." 
Sleeves can be made from pipe or rolled plate material. 

206-1.1.1 Type A Sleeve. Type A sleeve ends are not 
welded circumferentially to the carrier pipe, as shown in 
Figure 206-1.1 .1- 1 .  The Type A sleeve is not capable of 

containing internal pressure but functions as reinforce­

ment for a defective area. It is only used for the repair 
of defects that are not leaking and that are not expected 

to grow during service, or when the damage mechanism 

and growth rate are fully understood. 

206-1.1.2 Type B Sleeve. Type B sleeve ends are 
welded circumferentially to the carrier pipe, as shown 

in Figure 206- 1 . 1 .2 - 1 .  A Type B sleeve is capable of  

containing internal pressure because the ends are fillet 
welded to the carrier pipe. Type B sleeves can be used 

to repair leaking defects or defects that may eventually 
leak and to strengthen pipe having defects that reduce 
the axial load carrying capability of the pipe. 

206-2 CAUTIONS AND LIMITATIONS 

206-2.1 Additional Requirements 

Part 1 of this Standard contains additional require­
ments and limitations. This Article shall be used in 
conjunction with Part 1.  
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206-2.2 Regulations 

The piping and pipeline regulations regarding repair 
and piping and pipeline design code restrictions regarding 

repair shall be followed. 

206-2.3 Leaking Defects 

For Type B sleeves with leaking defects, special consid­

erations shall be taken to isolate the leak prior to welding. 

206-2.4 Cyclic Operation 

If a sleeve repair is applied to a system subjected to 
frequent pressure cycles, a fatigue evaluation of the 

component should be in accordance with para. 206-3.8 . 
When a Type B sleeve is subject to cyclic through-wall 

thermal gradients, a fatigue evaluation of the sleeve-to­

pipe fillet welds should be conducted to establish the 
service life of the repair, in accordance with para. 206-3.8. 

206-2.5 Circumferential Defects 

Type A sleeves may not be appropriate for the repair of 

circumferentially oriented defects because they will not 
resist axial loads on the pipe. 

206-2.6 Undersleeve Corrosion (22) 

For Type A sleeves, the potential for corrosion between 
the pipe and sleeve due to moisture ingress from the 
unwelded ends shall be assessed, and if required, mitiga­
tions shall be put in place. Such measures may include the 

use of a sealant or coating suitable for the operating en­
vironment. 

206-2.7 Weld Reinforcement (22) 

The presence of a girth weld or longitudinal seam weld 
having a prominent weld reinforcement may interfere 
with achieving a tight fit-up of the sleeve. !f it is necessary 

to remove the weld reinforcement by grinding to achieve a 
good fit, the weld shall be examined by RT or UT to ensure 

the weld that is being ground is free from indications. This 
examination is particularly important when the line is in 
service. Alternatively, sleeves may be fabricated with a 
circumferential bulge to bridge the weld, as shown in 

Figure 2 06-2 .7- 1 .  The weld root gap shall be uniform 
along length, including bulge. 
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Figure 206-1.1.1-1 
Type A Sleeve 

Sleeve 

Carrier p ipe 

Longitudinal weld seam 

Carrier p ipe 

Gap 

Groove weld optional 

No Backing Strip Backing Strip 
and 

Relief Groove 

Backing Strip 
With No 

Relief Groove 

Overlapping 
Side Strip 

(22) 206-2.8 Sleeve Size Requirements 

Areas that do not meet Fitness For Service (FFS) criteria 

should be fully covered by the repair sleeve. Type B sleeve 
circumferential welds shall be located where burn­
through is not a concern based upon the thickness, 
welding procedure to be followed, and operating condi­

tions of the piping or pipeline. 

206-2.9 Welding 

Welds shall be installed by qualified welders in accor­
dance with qualified procedures reflecting actual field 
conditions. 

(22) 206-2.10 Filler Material 

If a hardenable filler material is used between the sleeve 
and carrier pipe, it shall be compatible with the intended 
application. The material shall be suitable for the service 

3 1  

temperature and, for Type B sleeves, compatible with the 

fluid. Filler material may be applied prior to sleeve instal­
lation or pumped in between the sleeve and carrier pipe 
annulus after the sleeve is in place. If the filler material is 

pumped, the possibility of inward collapse of the sleeved 
component due to the annulus pressure of the pumped 

fil l e r  material shall  be considered.  Cons ideration 
should be given to off-gassing of filler material as they 
cure. 

206-3 DESIGN 

206-3.1 Type A Sleeves 

Type A sleeves shall be fabricated or manufactured from 
steel meeting the material specifications of the construc­

tion code, and should have a thickness equal to at least 
two-thirds the thickness  o f  the carrier p ipe .  The 
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Figure 206-1.1.2-1 
Type B Sleeve 

End fi l let weld 
Sleeve 

End fi l let weld 

Carrier p ipe 

Longitud inal  weld seam 
(butt weld only. 
Overlapping side strip 
not a l lowed. )  

Carrier p ipe 

No Backing Strip Backing Strip 
and 

Relief Groove 

carrier pipe longitudinal stresses shall meet the require­
ments of the applicable construction code. 

206-3.2 Type B Sleeves 

Type 8 pressure containing sleeves shall have a wall 

thickness equal to or greater than the wall thickness 
required for the maximum allowable design pressure 

or, if required by the engineering design, the full equiva­

lent strength of the pipe being repaired. For tight-fitting 
sleeves, the engineering design shall be based on the 
nominal wall thickness of the carrier pipe. A longitudinal 
weld joint efficiency factor of 0.80 shall be applied when 

calculating the required thickness unless the weld is 100% 
examined by ultrasonic examination, in which case a joint 
efficiency factor of 1.00 may be applied. If the Type 8 

sleeve is intended to provide axial reinforcement, such 

Backing Strip 
With No 

Relief Groove 

Overlapping 
Side Strip 

(Not Allowed) 
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as at a defective girth weld, it shal l  be designed to 
carry axial and bending loads acting at the sleeve location. 

206-3.3 Pressure Design 

The pressure design calculations of the applicable 

construction code shall apply for calculating the required 
sleeve thickness. Sleeve material and allowable design 

stress shall comply with the applicable construction 
code requirements. Corrosion allowances applied shall 
be in accordance with the engineering design. 

206-3.4 Sleeve Dimensions 

Types A and 8 sleeves shall be at least 100 mm ( 4 in.) 

long and extend beyond the defect by at least 50 mm (2 in.) . 
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Figure 206-2.7-1 
Welded Split Sleeve for Use Over a Girth Weld 

Bulge in Sleeve to 
Fit Over Existing 

Circumferential Weld 

206-3.5 Type B Sleeve Fillet Welds 

The fillet weld leg size for circumferential end welds for 
a Type B sleeve shall be as follows: 

(a) A complete fillet weld if the sleeve thickness is less 
than or equal to 1.4 times the nominal carrier pipe wall 

thickness, as shown in Figure 206-3.5-1.  

(b J If a Type B sleeve is thicker than 1.4 times the 

nominal carrier pipe wall thickness, the circumferential 

ends of the Type B sleeve may be left as is or chamfered 
as shown in Figure 206-3.5-2. 

The toe of the weld on the carrier pipe shall smoothly 

transition from the carrier pipe to weld in order to mini­

mize the level of stress intensification. The included angle 
between the weld toe and the carrier pipe shall not create a 

sharp notch, and defects such as undercut are not allowed. 

206-3.6 External Pressure 

External pressure loading of the pipe within Type B 
s l eeves should b e  considered by the e ngineering 

design.  Fitting the sleeve as tightly as poss ible to 
ensure load transfer from the pipe to the sleeve should 
minimize the annulus volume. If this is not possible, 
the annulus volume should be filled with hardenable 

fil ler material (see para. 2 06 - 2 . 9) or  the pressure 
should be balanced by hot tapping the pipe under the 

sleeve. A vent or drain may be provided in the design. 

If the annulus is to be left unfilled, it should be verified 
that the stagnant fluid between the sleeve and the carrier 

pipe will not cause corrosion. 

3 3  

206-3.7 External Damage (22) 

If external damage is repaired with a Type A sleeve, the 
damage shall be filled with a hardenable filler material 

with compressive strength adequate to transfer the 
load to the sleeve. The use of a hardenable material 
s hould be applied to fil l  voids or cavities present 
between the Type B sleeve and the carrier pipe. 

206-3.8 Cyclic Operation 

All Type B sleeves should be evaluated to determine 
whether a fatigue analysis is required. If an analysis is 

required, then it shall be performed in accordance 
with ASME BPVC, Section VIII, Division 2 ;  AP! 5 79 - 1/ 
ASME FFS-1; or another equivalent methodology. 

206-3.9 Restraint of Pipe Bulging 

Local wall thinning or damage defects, such as dents, 

weaken the carrier pipe and typically bulge outward 

prior to failure under increasing pressure. The effective­
ness of repair sleeves relies on their capability to restrain 
the outward bulging of a pipe defect prior to its failure. The 
design shall consider if it is necessary 

(a) to use a hardenable filler material (epoxy or equiva­
lent) under the sleeve to fill the voids when the defect is 
external 

(b} to reduce the line pressure at time of installation 

206-3.10 Type A Sleeve Filler Material 

For Type A sleeves, it is necessary to achieve intimate 
contact between the pipe and the sleeve at the location of 

the defect being repaired and an appropriate filler mate­
rial should be used to ensure that the sleeve provides the 

desired pressure load reinforcement. 

206-3.11 Differential Thermal Expansion 

Differential thermal expansion between the carrier pipe 
and the reinforcing sleeve shall be considered in the 

design and application of both Type A and Type B sleeves. 

206-4 FABRICATION 

206-4.1 Installation 

For installation of a Type A or Type B sleeve, the entire 

circumference of the carrier pipe in the area to be covered 
by the sleeve shall be cleaned to bare metal. If hardenable 
fill material is to be used, the filler shall be applied to all 
indentations, pits, voids, and depressions. The sleeve shall 

be fitted tightly around the carrier pipe. Mechanical 

clamping by means of hydraulic equipment, draw 

bolts, or other devices may be used to ensure fit. A "no 
gap" fit should generally be achieved; h owever, a 

radial gap of up to 2 .5  mm (%2 in.) maximum may be 

allowed. For sleeves with welded ends, weld size and 

(22) 
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Figure 206-3.5-1 
Type B Sleeve Fillet Weld Size for Sleeve Thickness Less Than or Equal to 1.4 Times the Carrier Pipe Thickness 

Legend: 
G = gap 

Tp = carrier pipe required minimum wall thickness 
Ts = Type B sleeve nominal wall thickness 

G 
Type B sleeve 

Gap 

Carrier p ipe 

Figure 206-3.5-2 
Type B Sleeve Fillet Weld Size for Sleeve Thickness Greater Than 1.4 Times the Carrier Pipe Thickness 

' - / Optional  chamfer / 7 / / / 

/ 
T 1 .4 TP 

+ 
1--1 .4TP + G--1 

Legend: 
G = gap 

Tp = carrier pipe required minimum wall thickness 
Ts = Type B sleeve nominal wall thickness 

....... .............. ..... / 

welder technique adjustments, such as buttering passes, 

may be required if the gap is excessive. 

206-4.2 Filler Materials 

If a filler material is used between the pipe and sleeve, 
care shall be exercised to ensure that it does not extrude 

into the weld areas. Burning of the filler material during 

welding will compromise the quality of the weld. Excess 
filler material shall be removed prior to welding. Pumping 

filler material into the annulus after the sleeve has been 
welded in place eliminates this problem, provided the 
annular gaps are large enough to allow the filler to 

flow into all voids. 

I T5 > 1 .4 Tp Type B sleeve 

34 

G Gap 

TP Carrier p ipe 

+ 

206-4.3 Leaking Defects 

For a leaking defect, the defect area shall be isolated 

prior to welding. For lines with flammable contents, 
the sleeve shall be purged with nitrogen or other inert 
gas to prevent the formation of a combustible mixture 

under the sleeve. 

206-4.4 Welds 

If circumferential fillet end welds are made, the sleeve's 
longitudinal seams shall be butt welded to full penetration, 

as shown in Figure 206- 1 .1 .2 -1 .  Provision for venting 
during the final  c losure weld shal l  be made.  The 

welding procedures for the circumferential fillet welds 
shall be suitable for the materials and conditions of 
weld-cooling severity at the installed location in the 
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piping or pipelines, in accordance with the construction 
code or post-construction code. A low hydrogen welding 

technique should be used. For longitudinal welds without 
backing strips, see para. 206-4.5. If the circumferential 

welds are not made, Type A, the longitudinal seams 
may consist of a groove butt weld or fillet-welded lap 

joint, as shown in Figure 206-1 .1 .1-1 .  

206-4.5 Reduced Pressure 

Reducing the carrier piping or pipeline operating pres­

sure, and maintaining flow, while the repair is being made 
is recommended. See AP! RP 2201 for recommendations 

on welding pipe in service. The piping or pipelines may 
also be taken out of service to make the repair; however, 
burn-through shall be considered. Recommended pres­

sure during sleeve installation for piping or pipelines 
is between 50% to 80% of operating pressure. 

206-4.6 In-Service Welding 

Article 210 shall be consulted for in-service welding 
issues .  At a minimum, qualification of the welding 
process shall take into account 

(a) the potential for hydrogen-induced cracking in the 

heat-affected zone as a result of accelerated cooling rate 
and of hydrogen in the weld environment 

(b} the risk of forming an unacceptably hard heat­
affected zone due to base metal chemistry of the 

sleeve and pipe materials 
(c) possible burn-through of the pipe 

206-4.7 Welding Procedures and Welder 
Qualifications 

Welding procedures, welders, and welding operators 

shall be qualified in accordance with current post­
construction code. If not otherwise specified, ASME 
8PVC, Section IX shall be used for procedure and perfor­
mance qualification. Guidance for preheat and/or post­
weld heat treatment, and for in-service welding, as 

applicable, shall be taken from the applicable construction 
code or post-construction code. 

206-5 EXAMI NATION 

206-5.1 Visual Examination 

All sleeve fit-ups shall be inspected prior to welding. 
Welds shall be visually examined. 

206-5.2 Type A Sleeves 

For Type A sleeves, the weld root area shall be visually 

examined during welding to verify proper penetration and 
fusion. The longitudinal welds shall be liquid penetrant, 
magnetic particle, or ultrasonically examined after 

completion. 
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206-5.3 Type B Sleeves (22) 

For Type 8 sleeves, the carrier pipe base material shall 
be ultrasonically examined for thickness, cracks, and 

possible lamination in the area where the circumferential 
welds are to be applied. If a backing strip is not used under 
the longitudinal weld, the area under it shall also be ultra­
sonically examined prior to welding. Longitudinal seams 

shall be inspected after completion. The first and final 
passes of the circumferential welds should be magnetic 

particle or liquid penetrant examined after welding. 
Where delayed weld cracking is a concern, nondestructive 
examination of the circumferential welds should be 

performed not less than 24 hr after welding has been 
completed. Alternatively, nondestructive examination 
should be performed not less than 48 hr after an in­
service weld has been completed, when there is a high 
probability of hydrogen cracking. 

206-5.4 In-Process Examination 

The owner may require full "in-process" visual exam­

ination, as described in para. 344.7 of ASME 83 1.3, of the 

sleeve weld installation. When "in-process" examination is 
performed, the results shall be documented. Examinations 

shall be performed by personnel meeting the qualification 

requirements specified by the applicable construction 
code or post-construction code. 

206-5.5 Nondestructive Examination (22) 

Nondestructive examination procedures should be 
qualified in accordance with the applicable code of 

construction or post-construction code. If the code of 

c onstruction or  p o st-construction code does  not  
provide examination procedure requirements, then the 

examination procedure should be qualified in accordance 
with ASME 8 PVC, Section V. The acceptance criteria 
should be in accordance with the applicable code of 

construction or post-construction code, unless alternative 
acceptance criteria are provided in other sections of this 

Article. Where there are no acceptance criteria provided, 
the acceptance criteria in ASME 8PVC, Section VIII, Divi­

sion 1 or Division 2 should be used. 

206-6 TESTING 

A Tightness Test should be performed on Type 8 sleeves 
in accordance with (a) or (b), if required by the owner. 
Article 501 provides additional guidance. 

(a) Perform a test of a Type 8 sleeve by pressurizing the 
annulus between the sleeve and the carrier pipe, in accor­

dance with the applicable construction or post-construc­

tion code. The test pressure shall be selected such that the 
inner pipe will not collapse due to external pressure. 

(b) Perform a Sensitive Leak Test as described in ASME 

83 1.3, para. 345.8 or other recognized national standard. 

(22) 
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Article 207 
Fillet Welded Patches With Reinforcing Plug Welds 

207-1 DESCRIPTION 

(a) This repair method describes the selection criteria, 

application limitations, design, fabrication, examination, 
and testing of fillet welded surface patches with reinfor­

cing plug welds to pressure-retaining components. Similar 

fillet welded surface patch repair methods without rein­
forcing plug welds are provided in another Article of this 

Standard. 

(b J This repair method consists of fitting a repair plate 
to closely match the original component's exterior or 

interior surface. The repair plate is sized to cover the 

areas exhibiting damage, both at the time of repair and 
that anticipated for the repair's design life. 

(c) The repair method is typically applied to pressure­
retaining shells that have suffered local wall thinning 
(including through-wall) due to erosion, corrosion, and 
other local damage mechanisms. 

(d) This repair method is applicable to cylindrical, 

spherical, flat, and conical shells as well as other pressure 
components. 

(e) This repair method is generally suitable for service 
temperatures above the nil-ductility temperature of the 
materials of construction up to a maximum design 

temperature of  3 4 5 ° C  ( 6 5 0 °F} . Use of  this repair  

method for lower temperatures requires evaluation of 
notch toughness, nonductile fracture and other applicable 

low temperature effects. Use of this repair method for 
higher temperatures requires evaluation of thermal 
fatigue, creep, and other applicable high temperature 

effects. 

(f) Figure 207-1 -1  shows a typical application on a 
vessel with a nearby structural discontinuity (in this 

case a nozzle) . The plan view on top shows two of 

many possible repair patch configurations, which are 
generally rectilinear in shape with rounded corners. 
The bottom sectional view shows the curvature matching 

aspect of each repair plate. 

207-2 LIMITATIONS 

(a) Part 1 of this Standard, "Scope, Organization, and 
Intent" contains additional requirements and limitations. 

This Article shall be used in conjunction with Part 1. 
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(b) This repair method is not limited by the component 
size. However, a sleeve type repair may be more suitable 
for those applications where axisymmetric behavior is 
important. 

(c) This repair method shall not be used for lethal 

service applications or where the damage mechanism, 
the extent of damage, or likely future damage cannot 
be characterized. This repair method may be used in 
certain cases on areas with local crack-like flaws provided 

(1) the growth has stopped, been arrested, or can be 
accurately predicted for all propagation modes, and 

(2) the effect of the flaw is evaluated using detailed 

analyses. 

207-3 DESIGN 

207-3.1 General (22) 

(a) The design approach for this repair method is based 

in part on standard pressure component design calcula­
tions, such as those in the ASME BPVC, Section VIII, Divi­
s i o n  1 .  T h e  a p p l i cat ion  l i m itati o n s  i m p o s e d  i n  
section 207-2 apply to the governing load case resulting 

from internal pressure where the resultant stress is 
membrane stress.  However, if the component to be 

repaired is subject to bending, torsion, wind loads, or 
to fatigue, the design shall include evaluation of these con­
ditions using appropriate methods of analysis. In all cases, 

an engineering analysis shall be performed. 
(b) In general, the patch material and welding filler 

metal should be the same or very similar (e.g., composi­

tional, physical, and mechanical properties) to that of the 

pressure component's original construction. Repair mate­
rial selection shall consider, as a minimum, characteristics 

such as chemistry, weldability, physical properties (e.g., 
coefficient of thermal expansion), mechanical properties 
(e.g., strength, ductility, notch toughness), and compat­

ibility with the process medium. 

(c) The thickness of the patch plate is dependent on 
material mechanical properties and the calculated attach­
ment weld sizes. As good practice, the nominal thickness of 

the patch plate should be no more than 1 .5 times the 
nominal thickness of the component being reinforced. 

( d} The size (length and width} of the patch plate is 

governed by the requirement that all attachment welds 
be located on sound base metal completely encompassing 
the damaged area(s) (see Figure 207-1-1) .  The repair 
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Figure 207-1-1 
Typical Shell Repair Near Discontinuity 
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plate shall also be large enough to encompass any addi­

tional area(s) anticipated to experience similar or related 
damage during the life of the repair. The patch plate, 
including reinforcing plug welds, should overlap sound 
base metal by at least 25 mm (1 in.). 

(e) This repair method is generally used on the outside 

surface of components subject to internal pressure. For 

applications under external pressure, a separate analysis 
to evaluate buckling and other instability considerations 

shall be performed. 
(f) In assessing the applicability and service life of this 

repair method, consideration shall be given to material 

compatibility, future operating conditions, thermal and 
shrinkage effects of welding, the introduction of crevices 
and structural discontinuities, thermal transients and 

temperature differentials between the patch plate and 

the component, and other application limits such as ex­

amination and testing constraints. If the damage to be 
patched is,  or is expected to be, through-wall, the 
effects of fluids (e.g., entrapment, concentration, corro­
sion, etc.) that may accumulate between the vessel and 

the patch plate shall be assessed. If this repair method 
is to be implemented during component operation, addi­
tional precautions may need to be taken for personnel 

safety. 
(g) The design may consider the combined strength of 

the patch plate and the underlying shell, taking into 

account the strength of the fillet weld and plug weld 

jo ints, including jo int efficiency. Consideration may 

also be given to excess thickness available adjacent to 
the damaged shell using applicable code area replacement 
rules for nozzles. No credit shall be taken for material 
required for future corrosion allowance. 

(h) Adding a second reinforcement pad to repair a first 
reinforcement pad is not prohibited; however, an addi­

tional analysis should be performed to ensure the 

double patch plate is adequate for the intended pressure 
and service. 

207-3.2 Internal Pressure Loads 

(a) For cylindrical components subject to internal pres­
sure loads, applied forces on the repair patch shall be 
determined as follows: 

(1) Circumferential Load. Unit forces in hoop direc-
ti on: 
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(1) 

where 
Dm = diameter at mid-wall of component, mm (in.) 
Fcp = circumferential force due to internal pressure, 

N/mm (lb/in.) 
P = internal design pressure, MPa (psi) 

(2) Longitudinal Load. Unit forces in longitudinal 
direction: 

Fcp 

where 

0 0 

0 
0 

0 
0 

0 0 
0 0 

0 

0 
0 0 0 

PDm 
hp = --4 

Fcp 
0 

0 

(2) 

FLP = longitudinal force due to internal pressure, N/ 
mm (lb/in.) 

(b) If other loads are applicable (such as bending, 
torsion, wind, etc .) ,  they shall  be determined and 
added to the pressure load such that 

Fe = Pep + Feo 

and 

h = hP + ho 

where 
Fe = total circumferential force from all loads, N/mm 

(lb/in.) 
Fco circumferential force due to other applicable 

loads, N/mm (lb/in.) 
FL total longitudinal force from all loads, N /mm (lb/ 

in.) 
Fw longitudinal force due to other applicable loads, 

N/mm (lb/in.) 



ASME PCC-2-2022 

(c) Appropriate alternative force calculations for 

spherical, torispherical, or ellipsoidal pressure compo­

nents shall be used when applicable. 

207-3.3 Structural Discontinuity Evaluation 

(a) For stresses near a nozzle or other structural 

discontinuity to be insignificant, the minimum distance 

between the fillet welded patch plate and the existing 
discontinuity should be 

where 

Lmin 

Lmin = 2(Rmt)l/2  (3) 

plate setback distance (see Figure 207-1-1),  
mm (in.) 

radius at mid-wall of component, mm (in.) 
wall thickness of component, mm (in.) 

The factor of 2 applies the setback distance (Rmt)J/2 to 
both the existing nozzle (or other s imilar structural 

discontinuity) and the patch plate. 

This proximity limit also applies to the distance 
between adjacent fillet welded patch plates, in those appli­

cations where more than one is employed on a given 
component. 

(b) In those applications where the patch plate is to 
attach to existing nozzle reinforcement pads, the patch 
plate may be contoured to match the reinforcement 
pad perimeter and welded thereto with a full penetration 
joint. 

(c) In those applications where the damaged shell is 
within Lmin of a nozzle or other structural discontinuity, 
the patch plate should be designed as a reinforcement pad 

extending 360  deg around the nozzle/opening, and 
welded thereto with a full penetration joint. Alternatively, 
additional detailed analysis shall be performed to evaluate 

local stresses. 

207-3.4 Allowable Load on Perimeter Fillet Weld 

(a) The perimeter weld shall be sized such that the 
allowable load on the weld exceeds the longitudinal 

and circumferential loads. 
Wmin 

(4) 

where 

E = weld joint efficiency factor (0.55) 
FA = allowable force on fillet welds, N/mm (lb/in.); 

FA > Fe and FL 
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Sa allowable base metal stress, MPa (psi) 1 

Wmin minimum weld leg dimension, mm (in.) 

NOTE: The maximum design fillet weld size shall not exceed the 
thickness of the thinner material being joined nor 40 mm (1 .5 
in.). 

(b J Alternatively, the perimeter weld edge preparation 
may be beveled to increase the weld's effective throat 
thickness. In no case shall the effective throat exceed 

the thickness of the repair plate or the original component 
thickness. 

207-3.5 Allowable Loads on Plug Welds 

(a) Plug/slot welds may be designed to take up to 30% 
of the patch plate load. The allowable working load on a 

circular plug weld in either shear or tension shall be deter­
mined by 

(SI Units) 

(5) 

(U.S. Customary Units) 

Pp = 0.63Sa(d - 1/4)
2 

And the allowable working load on a slot weld shall be 
determined by 

(SI Units) 

Fs = 0.8Sa[(W - 6) (L - 6) - 0.86R2] (6) 

(U.S. Customary Units) 

Fs = 0.8Sa[(W - l /4) (L - 1 /4) - 0.86R2] 

where 

d = the bottom diameter of the hole in which the weld 
is made, mm (in.) 

Fp = total allowable working load on the plug weld, N 

(lb) 
Fs = total allowable working load on the slot weld, N 

(lb} 
L the bottom length of the slot in which the weld is 

made, mm (in.) 

R the radius of the slot ends in which the weld is 
made (R = W/2), mm (in.) 

W = the bottom width of the slot in which the weld is 
made, mm (in.) 

(b) Plug welds are required in all cases to minimize 
stress at the root of the perimeter fillet welds and 
address load path eccentricity considerations in the peri­
meter welds. Plug weld holes should have a diameter not 

less than T + 6 mm (Y4 in.) and not more than 2 T + 6 mm (% 
in.). Plug welds shall be set back from the edge of the patch 

1 Compatible weld metal shall be of equal or greater strength. 
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plate by not less than 2T nor more than 4T. Plug welds 
should be spaced to carry their proportion of the load, but 
their pitch (center-to-center spacing) should not be less 
than 3d. 

(c) Plug weld holes should be completely filled with 
weld metal when the thickness of the patch plate (T) 
is 8 mm (5/i6 in.) or less; for patch plates where T > 8 

mm (5/i6 in.), the holes should be filled to a depth of at 
least 1/2 T or 5/i6 of the hole diameter, whichever is 
larger, but in no case less than 8 mm (5/i6 in.). 

(d} For plug welds smaller than 1 9  mm (% in.) 
diameter, slotted or obround plug welds may be used 
to minimize weld quality difficulties arising from acces­
sibility and electrode manipulation constraints. Slot welds 
should have a width not less than T + 6 mm (1;4 in.) nor 
greater than 2 T + 6 mm (Y4 in.), and a length not more than 
3 T + 6 mm (% in.). The long axis of slot welds shall be 
oriented perpendicular to the adjacent fillet welded 
edge. Set-back and spacing shall meet the requirements 
of (b ) . 

207-3.6 Cold Forming Limits 

(a) Carbon and low alloy steel patch plates fabricated 
by cold forming shall not exceed 5% extreme fiber elonga­
tion. The extreme fiber elongation shall be determined as 
follows: 

(1) For double curvature 

where 

75T ( Rj ) 
-- 1 - - :::::: 5% Rj R0 

(7) 

R1 = final centerline radius of patch plate, mm (in.) 
R0 = original centerline radius of patch plate (equals 

infinity for flat plate), mm (in.) 
T = thickness of the patch plate, mm (in.) 

(2) For single curvature 

SOT ( Rj ) 
-- 1 - - :::::: 5% Rf Ro 

(8) 

(b} Patches cold formed beyond these limits may be 
used provided they receive appropriate postforming 
stress relief prior to installation. 

(22) 207-4 FABRICATION 

(a) Plate edges may be cut to shape and size by mechan­
ical means such as machining, shearing, grinding, or by 
thermal means such as flame or arc cutting. If thermal 
means are used, a minimum of 1 .5 mm (1116 in.) additional 
material shall be removed by grinding or machining. If the 
repair plate is greater than 25 mm (1 in.) thick, and the 
fillet weld size is less than the plate thickness, the weld 
prep edges shall be examined by magnetic particle (MT) or 
liquid penetrant (PT) methods to check for laminations. 
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Laminations shall be cause for rejection unless repaired or 
found acceptable by fitness-for-service analysis in accor­
dance with AP! 579-1/ASME FFS-1. 

(b} Plug or slot weld holes may be fab ricated by 
punching, drilling, machining, or flame/arc cutting. The 
ends of slot welds, if used, shall have a radius, R, equal 
to one-half the slot's width, W. If thermal means are 
used, a minimum of 1.5 mm (1116 in.) additional material 
shall be removed by grinding or machining. If the repair 
plate is greater than 25 mm (1 in.) thick, and the plug/slot 
weld size is less than the plate thickness, the weld prep 
edges shall be examined by magnetic particle (MT) or 
liquid penetrant (PT) methods to check for laminations. 
Laminations shall be dispositioned as specified in (a) 
above. 

(c) The patch plate may be formed to the required 
shape by any process that will not unduly impair the 
mechanical properties of the patch plate material . 
Where required due to repair plate size or access/inter­
ference considerations, split sections may be used when 
joined by full penetration welds. 

( d) Parts to be fillet welded shall be fit as tightly as 
practical to the surface to be welded and in no event 
shall be separated by more than 5 mm (3!16 in.). If the sep­
aration at the faying edge of the plate is 1.5 mm (Y16 in.) or 
greater, the size of the perimeter fillet weld shall be 
increased by the amount of the separation. 

(e) Welding procedures, welders, and welding opera­
tors shall be qualified in accordance with the current re­
quirements of the applicable construction code or post­
construction code. If not otherwise specified, ASME BPVC, 
Section IX may be used for procedure and performance 
qualification. Guidance for preheat and/or postweld 
heat treatment, and for in-service welding, as applicable, 
shall be taken from the applicable construction code or 
post-construction code. 

(f) Field repair activities should conform to the 
following sequence: 

(1) Paint, scale, rust, liquids, and other foreign mate­
rial shall be removed from the weld zone and an area not 
less than 40 mm (11/2 in.) on either side of the weldment. 

(2) In those areas that will be covered by the new 
patch plate, existing shell seam or girth welds shall be 
ground flush with the vessel or pipe O.D. and shall be 
examined by the MT or PT method. 

(3) The wall thickness of the pressure-containing 
component that requires reinforcement should be ultra­
sonically examined. The patch should cover the entire area 
that requires reinforcing. 

(4) The new patch plate may be placed in position 
using any suitable method. 

(5) Any seams within the patch itself, should be made 
first. The perimeter fillet weld may then be completed. 
Clamps or wedges may be used to ensure proper joint 
alignment and fit-up. 
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(g) Exposed metal surfaces shall be recoated, if appli­
cable, after completion of all examination and testing. 

(h) To preclude gas pressure buildup between the 
patch plate and the pressure component boundary, provi­

sions for venting during the final closure weld or, if ap­
plicable, postweld heat treatment, may be necessary. If the 

patch plate is designed for through-wall defects but 
applied to the pressure boundary before being breached, 
the vent should be sealed after completion of welding and, 

if applicable, postweld heat treatment. 

207-5 EXAMI NATION 

(a) Patch plate attachment welds shall be examined in 

accordance with the applicable construction code or post­

construction code by either the MT or PT methods. If not 
otherwise specified by the applicable construction code or 
post-construction code, NOE shall be performed using 

procedures written and qualified in accordance with 
ASME BPVC, Section V. 

(b J If lifting lugs are used and left in place, their attach­
ment welds shall be examined by MT or PT methods. At all 

locations where temporary lifting lugs, welded clamps, 
and/or wedges are removed after patch plate installation, 
the removal areas shall be examined by MT or PT methods. 

(c) Welds joining sections of patch plates made of sepa­
rate pieces should be surface contoured and volumetri­
cally examined by either radiographic or ultrasonic 
examination methods to the extent possible. If not prac­

ticable, multilayer PT or MT examinations should be 

performed. 

(d) If postweld heat treatment is required, the exam­
ination shall be performed after application of PWHT. 

(e) The examination acceptance criteria of the applica­

ble construction code or post-construction code shall 
apply. 
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207-6 TESTING 

(a) Testing shall be performed in accordance with the 

applicable post-construction code. 
(b} The pressure component and installed patch 

plate(s) should be leak tested in accordance with the ap­

plicable post-construction code. Special safety precau­
tions should be taken when pneumatic leak testing is 
performed. 

(c) If permitted by the applicable post-construction 
code, nondestructive examination may be performed as 
an alternative to leak testing. Also, an initial service 
inspection may be performed of all weld joints after 

the pressure component has returned to normal operating 
pressure and temperature. 

(d) Testing and inspections should be performed prior 
to reapplication of coating, insulation, or jacketing, as ap­

plicable. 

207-7 REFERENCES (22) 

The following is a list of publications referenced in this 
Article. Unless otherwise specified, the latest edition shall 

apply. 

API 5 79-1 / ASME FFS-1, Fitness-for-Service, June 5, 2007 
Publisher:  American Petroleum Institute (AP!), 2 0 0  

Massachusetts Avenue NW, Suite 1 100, Washington, 
DC 2 0001-5571 (www.api.org) 

ASME Boiler and Pressure Vessel Code, Section V - Non­

destructive Examination 
ASME Boiler and Pressure Vessel Code, Section VIII, Divi­

sion 1 - Rules for Construction of Pressure Vessels 

ASME Boi ler  and Pressure Vessel Code, Section IX, 
Welding, Brazing, and Fusing Qualifications 

Publisher: The American Society of Mechanical Engineers 

(ASME), Two Park Avenue, New York, NY 10016-5990 
(www.asme.org) 
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Article 208 
Alternatives to Traditional Welding Preheat 

208-1 DESCRI PTION 

Preheating involves heating pieces to be welded to some 
temperature above their ambient temperatures prior to 

and during welding. Construction and post-construction 
codes often require preheat. However, under certain con­
ditions it may be possible to use other alternatives to 

preheat. Whether preheat is required or not, preheat 
can provide any combination of the following benefits: 

(a) reduce shrinkage stresses in the weld and adjacent 
base metal, especially in highly restrained joints 

(b J provide a slower rate of cooling through the critical 
temperature range, preventing excessive hardening and 
reduced ductility of both the weld and heat-affected zone 
(HAZ) 

(c) provide a slower rate of cooling through the 400°F 

range, allowing more time for hydrogen that may be 
present to diffuse away from the weld and adjacent 

base metal to avoid hydrogen cracking 

Considerations such as the presence of nearby coatings 

or other components can make preheat required by the 

original construction code inadvisable or impractical to 
ap ply. H owever,  i f  welding heat inputs near  the 

maximum allowed by the qual i fied procedures are 
used, heat that is  transferred to the mass of the assembly 
may be balanced by the welding heat input, resulting in the 

affected metal being heated up to or beyond the minimum 

preheat requirement, therefore permitting relaxed appli­
cation of preheat from external means. This Article 
considers application of alternate preheat strategies or 

alternatives to traditionally specified preheat that 
might be permitted by careful selection and control of 

the welding process, consumables, and technique such 

as by weld bead sequencing. 

208-2 LIMITATIONS 

208-2.1 General 

Part 1 of this Standard, "Scope, Organization, and 

Intent," contains additional requirements and limitations. 
This Article shall be used in conjunction with Part 1.  

208-2.2 Prohibited Reduction 

Reduction in preheat may also be prohibited by user 

requirements, service conditions, or construction codes. 
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208-2.3 Inappropriate Cases 

Reducing preheat may not be appropriate in many 
cases. Such situations include materials with elevated 

carbon content or carbon equivalent, high hardenability, 

and/or geometries with high restraint. 

208-2.4 Limited Access 

Limited access may prevent the use of techniques or 

welding processes necessary for satisfactory performance 

of welding with lower preheat. 

208-2.5 Welding 

All welding shall be in accordance with an applicable 

construction or post-construction code,  including 

welding procedures. 

208-3 DESIGN 

The following strategies and considerations may be 

permissible alternatives to the original construction 
code or post-construction code preheat requirements: 

(a) groove geometry 

(b J welding process 

(c) welding consumables 
(d) evaluation of carbon equivalent 
(e) evaluation of cracking parameter (Pcm) 
(f] controlled deposition (temper bead) welding 

208-3.1 Groove Geometry 

Groove geometry and volume of weld metal should be 

minimized to reduce residual stresses, but not to the 

extent that the ability to weld is compromised or cracking 
results. 

(a) Minimize residual stresses on weld and HAZ. It is 
difficult to avoid residual stresses when welding. As the 
molten puddle solidifies, it reduces in size and thus creates 

residual stresses as shown in Figure 208-3.1-1.  
(b) Thin, wide bead shapes with minimal thickness or 

cross section are more prone to cracking from reduced 

preheating than more rounded or conical shapes .  
Welded joints with greater transverse shrinkage, as  

s hown in Figure 2 08-3 . 1 -2, are more susceptible to 

cracking. Welds that exhibit wider groove angles and 
greater weld volume normally also exhibit higher 
levels of residual stress. 
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Figure 208-3.1-1 
Typical Residual Stresses in a Weld 
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Figure 208-3.1-2 
Effect of Weld Area on Transverse Shrinkage 
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208-3.2 Welding Process 

Welding processes that minimize dilution and are "low 

hydrogen" in application should be considered. 
(a) GMAW and GTAW are particularly well suited to 

control dilution and do not typically introduce hydrogen 

into the weld deposit. These processes should be candi­

dates where reduced preheat is desirable. 
(b) SMAW, FCAW, or SAW may also be used where 

increased deposition and lower shrinkage is important. 

Care shall be observed during qualification of welding 
procedures to evaluate heat input and avoid parameters 
that would create excessive penetration, dilution, or 

shrinkage. 

208-3.3 Welding Consumables 

Welding consumables should tolerate accelerated 

cooling rates (e.g., resist hot cracking during cooling), 
be "low hydrogen" by design (H4 or HS are optimum), 
and exhibit good weldability. 
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The use of welding consumables that provide equiva­

lent but not overmatching properties (lower strength, 
minimized carbon ferritics, nonferrous, etc.) should be 
cons idered  to avoid mis match in strength l evels  
between the weld metal, heat-affected zones, and base 

metals. Most commercial weld metal is formulated to 

compensate for dilution and/ or postweld heat treatments 
under a variety of conditions. Therefore, most weld metals 
exhibit strengths much higher than their specification 
minimums. This can be very important when designing 
and implementing repair welding. A comparison of 

typical weld metal strengths for selected consumables 

is shown in Table 208-3 .3 - 1 .  Where this approach is 
used, actual properties of the weld metal should be veri­

fied from either certified material test reports or repre­
sentative test coupons. 

208-3.4 Carbon Equivalent 

Carbon equivalent (CE) may be used as a means for 

determining the actual necessity for preheat and the 
level required. 

Where (Wt. %) : 

CE = C + (Mn + Si) /6 + (Cr + Mo + V)/5 

+ (Ni + Cu)/15  

CE .::; 0.45%; preheat i s  normally optional 

0.45% .::; CE .::; 0.60%; preheat 200°F to 400°F 

CE > 0.60%; preheat 400°F to 700°F 

where CE > 0.5, delaying final NOE for at least 24 hr should 
be considered to identify any delayed cracking. 
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Table 208-3.3-1 
Comparison of Specification and Actual Weld Metal Properties 

Specification Requirements, ksi Typical As-Welded, ksi Typical Stress Relieved, ksi 

Filler Metal Ultimate Yield Ultimate Yield Ultimate Yield 

E6013 62 50 74 64 
E6018 67 55 68 57 
E7018 72 60 87 79 83 [Note (1)] 74 [Note (1)] 
E7018-Al 70 (Note (1)] 57 (Note (1)] 90 71 84 (Note (1)] 70 [Note (1)] 
E8018-B2 80 (Note (2)] 68 (Note (2)] 118 103 95 [Note (1)] 79 (Note (1)] 
E9018-B3 90 [Note (2)] 77 (Note (2)] 141 127 101 [Note (1)] 87 [Note (1)] 
E9015-B9 90 (Note (3)] 77 (Note (3)] 210 120 [Note ( 4)] 100 [Note (4)] 

ER70S-2 70 58 74 60 
ER70S-6 72 60 94 [Note (5)] 75 [Note (5)] 85 [Notes (1), (5)] 71 ( Notes(l), (5)] 
ER80S-D2 80 68 110 
ER70S-Al 80 (Note (6)] 68 (Note (6)] 
ER90S-B3 90 (Note (2)] 78 (Note (2)] 

NOTES: 
(1) Stress relieved @ 621°C (1,150°F) for 1 h. 
(2) Stress relieved @ 690°C (1,27 5°F) for 1 h. 
(3) Stress relieved @ 746°C (1,375°F) for 1 h. 
(4) Stress relieved @ 760°C (1,400°F) for 1 h. 
(5) GTAW process. 
(6) SGMo DIN 8575, Wks. No. 1.5424. 

208-3.5 Cracking Parameter (Pcm) 
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Where carbon content is equal to or less than 0 .17 wt.% 

or where high-strength steels are involved, the Ito and 
Bessyo Cracking Parameter (Pcm) can be used. This 
approach provides a more accurate prediction for 

when preheat will be needed, when preheat is mandatory, 
and at what recommended temperature. 

Where [Pcm in wt. %] : 

Si Mn + Cu + Cr Ni Mo V 
Pcm = C + - + + - + - + -

30 20 60 15 10 

+ 5B2 

Pcm ::; 0.15%; preheat is normally optional 

0.15% < Pcm < 0.26% to 0.28%; preheat 200°F to 400°F 

Pcm > 0.26% to 0.28%; preheat 400°F to 700°F 

208-3.6 Controlled Deposition Welding 

(a) Use of controlled deposition (temper bead) proce­
dures can be useful to generate fine grain heat-affected 
zones and improve notch toughness .  This  method 

should be considered when either elevated preheat or 
code-required postweld heat treatment cannot be used. 
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79 100 [Note (2)] 86 [Note (2)] 
79 90 [Note (2)] 72 [Note (2)] 

104 (Note (2)] 93 (Note (2)] 

Rules for qualification of procedures are included in 

AP! 5 10, 7 .2 .3 ;  ASME B PVC, Section IX, QW-290;  and 

ANSI NB-23 .  
(b} Where similar composition weld metal is used, this 

method will NOT lower residual stresses. An evaluation to 

consider the effect of welding residual stresses should be 
conducted where this method is to be used. 

208-4 FABRICATION 

In order to use alternative preheating strategies, fabri­

cation techniques should be carefully controlled to avoid 
the problems that preheat would be employed to mitigate. 

Welding processes and consumables that are less likely to 
introduce hydrogen can be chosen over other options. 
Certain techniques can minimize or reduce residual 
stresses. Careful monitoring should be done to ensure 
that alternatives are employed properly. The following 
describe or are important for successful implementation 

of these techniques. 

208-4.1 Cleanliness 

Contaminants (dirt, grease, moisture, etc.) should 
always be removed prior to application of any welding. 

208-4.2 Welding Technique 

The technique used during welding has a significant 

effect on shrinkage, resulting residual stresses, controlling 

heat input, and avoiding cracking issues. 



ASME PCC-2-2022 

Figure 208-4.2-1 
Typical Back Stepping Weld Sequence 

(a) Short versus long beads typically minimize longi­

tudinal shrinkage. Back stepping (Figure 208-4.2-1) or 
special sequencing to reduce residual stresses may 
need to be employed. 

(b J Control or minimize heat input. Stringer beads with 
minor oscillation versus wide weave beads should be used 
(see Figure 208-4.2-2) .  

208-4.3 Peening 

Peening can be an effective technique for minimizing 

shrinkage and distortion. It is not normally used or 

permitted on the root and final passes of a weld. For 
peening to be effective, the metal should be deformed 

and yield .  Creating dimples in the surface with a 
needle gun, etc., is NOT equivalent to peening. 

208-4.4 Minimizing Cracking 

Crater and weld bead cracking can be minimized or 

eliminated by implementing proper workmanship techni­
ques. 

(a) Weld beads with round cross sections versus thin, 
wide beads should be deposited as shown in Figure 

208-4.4-1 to minimize cracking. 

Figure 208-4.2-2 
Difference Between Oscillated Stringer Beads (Left) and 

Wide Weave Beads (Right) 
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(b} Abrupt start/stops should be avoided. Use up/ 
down slope techniques with either process manipulation 

and bead shaping or via electronic means with the welding 
power source. 

(c) Sufficient material should be deposited to avoid 
cracking from shrinkage and normal construction influ­

ences. A good rule of thumb to avoid cracking from insuf­

ficient weld metal deposited (and required in many 
construction codes) is a minimum of 10 mm c% in.) or 
25% of the weld groove thickness. 

208-4.5 Preheat Methods 

Preheating may be conducted with flame (air-fuel or 
oxy-fuel), electrical resistance, or electrical induction 
methods in both the shop and field. Regardless of the 

method, heating should be uniform and through thickness 
unless otherwise specified. 

208-4.6 Preheat Monitoring 

A variety of devices are available for measuring and 
monitoring temperatures .  The component or piece 
being welded should be preheated to allow the heat to 

soak into the material. Where possible, this should be 
monitored and validated. Monitoring the surface tempera­
ture a predetermined distance away from the weld edge is 

normally adequate for most applications. It is never ac­
ceptable to make or take readings that would result in 

contamination of the weld groove. 

(a) Temperature Indicating Crayons. These crayons or 
pencil-l ike devices are designed to melt at specific 

temperatures.  This method can be used as a simple 
and economical way of determining that a minimum 
temperature has been achieved; i .e . ,  the crayon melts. 

One limitation is that the temperature of the component 
above the melting temperature of the crayon is unknown. 
Where excess ive temperature is a concern, multiple 

crayons with different temperatures should be employed. 
(b) Electrical/Electronic Temperature Monitoring. For 

preheat and welding operations, instantaneous devices 

such as contact pyrometers or direct-reading thermocou­

ples with analog or digital readout can be used. All devices 
shall be calibrated or have some means of verifying their 

ability to measure the desired temperature range. Because 

of their ability to provide continuous monitoring and data 
storage, thermocouples using chart recorders or data 

acquisition systems should be used over instantaneous 

measuring devices for both preheat and PWHT operations. 

208-5 EXAMI NATION 

(a) A surface examination should be performed to 

ensure that use of a preheat alternative did not result 
in or promote cracking or other unacceptable condition. 

(b) Volumetric examination of the final weld, where 
required, should be performed in accordance with an ap­

plicable construction or post-construction code. 



ASME PCC-2-2022 

Figure 208-4.4-1 
Effect of Weld Bead Cross Section on Cracking 
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weld depth, weld width weld depth, weld width 

(c) Welds in high strength low alloy (HSLA) steels or 
steels having a CE above 0 .5% are prone to delayed 

cracking. A waiting period of 24 hr to 48 hr to detect 

delayed cracking before final examination should be 
required. 

(d) The examination should be documented and 
include, as a minimum: type of examination, what was 
examined, who performed the examination, when it 

was performed, and results of the examination. 
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208-6 TESTING 

Testing shall be performed in accordance with an ap­

plicable construction code or post-construction code. 

208-7 REFERENCES (22) 

The following is a list of publications referenced in this 
Article. Unless otherwise specified, the latest edition shall 
apply. 

ANSI/NB-23-2007, National Board Inspection Code 
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Publisher: National Board of Boiler and Pressure Vessel 

Inspectors (NBBI), 1055 Crupper Avenue, Columbus, 

OH 43229 (www.nationalboard.org) 

AP! 5 10-2006, Pressure Vessel Inspection Code: Mainte­
nance Inspection, Rating, Repair, and Alteration 

Publisher: American Petroleum Institute (AP!),  2 0 0  

Massachusetts Avenue NW, Suite 1 1 00, Washington, 
DC 20001-5571 (www.api.org) 

ASM Handbook Volume 6 :  Welding, B razing, and 
Soldering, Ninth Edition 

Publisher: ASM International (ASM), 9639 Kinsman Road, 
Materials Park, OH 44073-0002 
(www.asminternational.org) 

ASME Boiler and Pressure Vessel Code, 2007 Edition, Code 
Cases: N-373, N-594, N-606, N-638, N-644, and 2321  

ASME B31 .1 -2007, Power Piping 
ASME B3 1.3 -2006, Process Piping 

Publisher: The American Society of Mechanical Engineers 
(ASME}, Two Park Avenue, New York, NY 10016-5990 

( www.asme.org) 
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AWS D l.1/Dl.lM-2006, Structural Welding Code, Appen­
dix XI 

Publisher: American Welding Society (AWS), 8669 NW 36 
Street, No. 130, Miami, FL 33 166 (www.aws.org) 

Blodgett, 0. W., Design of Welded Structures, The James F. 
Lincoln Arc Welding Foundation, Cleveland, OH 

Cary, H .  B., Modern Welding Technology, Second Edition, 
Prentice Hall, New York, NY 

Ito, Y. ,  and Bessyo, K., Weldability Formula of High 

Strength Steels Related to Heat Affected Zone Cracking, 
Journal of Japanese Welding Society, 1968 

Newell, Jr., W. F. ,  Euroweld Ltd., Certified Material Test 

Reports 
Newell, Jr., W. F., Understanding and Using Carbon Equiva­

lent Formulas, Welding Journal, September 1995 

Stout, R. D., Weldability of Steels, Fourth Edition, Welding 
Research Council, Shaker Heights, OH 
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Article 209 
Alternatives to Postweld Heat Treatment 

209-1 DESCRIPTION 

209-1.1 General Considerations 

This Article addresses alternatives to postweld heat 
treatment for repair welds. Under certain service condi­

tions, PWHT of a repair weld in accordance with the 
construction code can be inadvisable or impractical. An 

example of such a condition would be a penetration or 
embedment surrounded by reinforced concrete or 
l iquid media that could be damaged or  create an 

unsafe condition by application of PWHT temperatures. 
In addition, inspection of pressure vessels, tanks, and 
piping which have been in service can reveal defects 

or damage that require weld repair but not redesign of 
the item containing the defect. The original construction 

code or owner can require postweld heat treatment 

(PWHT}. 

209-1.2 Factors Affecting Selection 

(a) Postweld heat treatment is applied to ferritic welds 
and welded components to reduce high levels of residual 

stress, provide tempering to reduce hardness, and to 

diffuse hydrogen. 
(b} Time and temperatures for PWHT are specified 

with respect to individual types of material and are 
selected to be performed below the lower (critical) trans­

formation temperature of the material. 
(c) Alternatives to postweld heat treatment can involve 

application of elevated preheat and/or implementation of 
specific welding techniques,  bead sequencing, and 

increased control of the welding process. 

209-2 LIMITATIONS 

209-2.1 Post-Construction Code 

Part 1 of this Standard, "Scope, Organization, and 
Intent," contains additional requirements and limitations. 

This Article shall be used in conjunction with Part 1.  

209-2.2 Methods 

Only methods that are recognized in an applicable 
construction code or post-construction code, qualified, 

or as justified through performance of a risk assessment 

evaluation, shall be used. 
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209-2.3 Suitability Tests 

Tests to demonstrate suitability of the repair procedure 
may be needed if service conditions are subj ect to 

hydrogen embrittlement or at temperatures in the 

creep range or if the alternative is being considered 
for "on-stream" repairs or "hot tapping" on piping 
systems. Testing may be in accordance with owner 
criteria, the construction code or post-construction code. 

209-2.4 Resistance to Service Conditions 

If resistance to hydrogen or sulfide or stress cracking is 

a service requirement, test evidence shall be developed 
appropriate to the r i s k  involved to s h ow that a 
maximum hardness in weld metal and heat-affected 

base metal is not exceeded when qualifying a specific 

Welding Procedure Specification (WPS). Maximum hard­
ness shall be as required by the owner, the construction 

code or post-construction code. 

209-2.5 Residual Stress Reduction 

If reduction of residual stresses in weldments is 
required for successful operation in services subject to 
stress corrosion cracking (e.g., where amines, caustics, 
or carbonates are involved}, then alternatives to postweld 

heat treatment shall be evaluated and determined to be 
acceptable for the intended service prior to use. 

209-2.6 Altering Material Properties 

Some steels are susceptible to metallurgical change 

s uch that loss of notch toughness can occur in the 

weld heat-affected zone and in the base metal. Weld 
metal can also experience a loss of toughness and/or 

strength when subjected to PWHT. In other steels, inter­

granular cracking (often called reheat or stress relief 
cracking) can occur in the weld heat-affected zone 

during PWHT while excessive postweld heat treatment 

(temperature and hold times) can also cause loss of 
strength in the weld and/or base metal. 
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Table 209-4.1-1 
Summary of Postweld Heat Treatment Requirements and Potential Alternatives 

Code Location 

AP! 510 
ASME BPVC, Section I 

Paragraph 7.3.2 
PW-39, PW-40 

ASME BPVC, Section I I I-NB/NC/ND/NE/NF/ 
NG/NH 

Although the Subsections of ASME BPVC, Section III have rules for PWHT and 
alternatives (e.g., NB-4622), nuclear components and systems are unique in that 
they have their own specific post-construction code for qualification, repair, and 
examination; ASME BPVC, Section XI (see below) 

ASME BPVC, Section VIII, Division 1 
ASME BPVC, Section VIII, Division 2 

UCS-56, UHT-56, UHA-32, UHA-105, UNF-56, UCL-34, ULW-26, ULT-56 
AF-402, AF-420, AF-550, AF-630, AF-753, AF-754, AF-820, AT-115, Appendix 26 

(26-200) 
ASME BPVC, Section VIII, Division 3 
ASME BPVC, Section IX 

KF-400, KF-630, KF-830 
QW-290 

ASME BPVC, Section XI IWA-4600 
ASME 831 .1 
ASME 831.3 
AWS Dl.1 

Paragraph 132.3, Tables 132 and 132 .1 
Paragraph 331 .2.2, Table 331 .1 .1  
Paragraphs 5.8.2 and 5.8.3 

AWS Dl0.8 Paragraph 6 and Table 4 
AWS Dl0.10 Paragraph 13.2 
NBIC; NB-23 Part 3 

209-3 DESIGN 

209-3.1 Dissimilar Metal Welds 

Welding involving dissimilar materials shall be sepa­

rately evaluated unless specifically addressed by the ap­
plicable post-construction code. Guidance in this area is 
provided in Method 5, NBIC, of ANSI/NB-23. 

209-3.2 Procedures 

Requirements for implementing alternatives to post­
weld heat treatment should be outlined in specific docu­
mented instructions that are accompanied by a qualified 

Welding Procedure Specification. 

209-4 FABRICATION 

209-4.1 Application of Elevated Preheat 

Many codes of construction or post-construction codes 

permit use of elevated preheat as an alternative to 
performing postweld heat treatment. Examples of alter­
natives can be found in AP! 510; ASME BPVC, Section I 

(PW-39);  ASME BPVC, Section VIII; ASME 83 1 .1  (Table 

132);  and ANSI/NB-23 .  Criteria are expressed as a func­
tion of base metal specification, type, grade, and thickness. 

Table 2 09-4.1-1 lists a variety of PWHT methods and alter­
nates from potential applicable codes. The table is not all­
inclusive and should be used as a guide for selecting an 
alternative to postweld heat treat for work that is to be 

conducted with a specific construction code or post­

construction code. 
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209-4.2 Alternative Welding Methods 

209-4.2.l Temper Bead Welding. Tempering of weld 

deposits may be accomplished by implementing special 

weld sequences and techniques. Controlled deposition 

techniques such as temper bead welding, for example, 

are offered in many construction or post-construction 
codes as an alternative to postweld heat treatment. 

209-4.2.2 Satisfying Properties. The method used 

shall produce weldments that satisfy mechanical and 

corrosion properties in accordance with the applicable 
construction code or post-construction code. 

209-4.2.3 Absence of Code Rules. When no construc­

tion code or post-construction code is specified, the rules 

in AP! 5 10, 7 .2 .3 ;  ASME BPVC, Section IX, QW-290; or 
ANSI/NB-23, Part 3, may be used as rules for controlled 
deposition welding techniques. 

209-4.3 Requiring Additional Methods 

Application of alternative methods may require that 

reliable preheat maintenance techniques, low hydrogen 
welding consumables, and optimum materials storage 
practices be implemented. 

209-5 EXAMI NATION 

Examination shall be in accordance with the applicable 
construction code or post-construction code. 
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209-6 TESTING 

Testing shall be in accordance with the applicable 
construction code or post-construction code. 

�� 209-7 REFERENCES 

The following is a list of publications referenced in this 
Article. Unless otherwise specified, the latest edition shall 

apply. 

ANSI/NB-23-2007, National Board Inspection Code 
Publisher: National Board of Boiler and Pressure Vessel 

Inspectors (NBBI), 1055 Crupper Avenue, Columbus, 
OH 43229 (www.nationalboard.org) 

API 5 1 0, Pressure Vessel Inspection Code: Maintenance 
Inspection, Rating, Repair, and Alteration; Revision 

06, 2006 
Publisher:  American Petroleum Institute (API}, 200 

Massachusetts Avenue NW, Suite 1 100, Washington, 
DC 20001-5571 (www.api.org) 

ASME Boiler and Pressure Vessel Code, 2007 Edition, 
Section I - Rules for Construction of Power Boilers 

ASME Boiler and Pressure Vessel Code, 2007 Edition, 
Section III, Rules for Construction of Nuclear Facility 

Components; Subsections NCA, NB, NC, ND, NE, NF, 
NG, and NH 
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ASME Boiler and Pressure Vessel Code, 2007 Edition, 
Section VI I I ,  Rules for Construction of Pressure 

Vessels; Divisions 1, 2, and 3 
ASME Boiler and Pressure Vessel Code, 2007 Edition, 

Section IX, Welding and Brazing Qualifications 
ASME Boiler and Pressure Vessel Code, 2007 Edition, 

Section XI, Rules for lnservice Inspection of Nuclear 

Power Plant Components 
ASME B31 .1-2007, Power Piping 
ASME B3 1 .3-2006, Process Piping 
Publisher: The American Society of Mechanical Engineers 

(ASME}, Two Park Avenue, New York, NY 10016-5990 

( www.asme.org) 

AWS Dl.1/Dl.lM-2006, Structural Welding Code - Steel 
AWS Dl0.8-1996, Recommended Practices for Welding 

Chromium-Molybdenum Steel Piping and Tubing 

AWS Dl0 .10 -1999, Recommended Practices for Local 
Heating of Welds in Piping and Tubing 

Publisher: American Welding Society (AWS), 8669 NW 36 

Street, No.  1 30, Miami, FL 3 3 166 (www.aws.org) 

Recommended Practices for Local Heating of Welds in 

Pressure Vessels, WRC Bulletin 452, June 2000 
Publisher: Welding Research Council (WRC), P.O. Box 

201547, Shaker Heights, OH 44120 
(www.forengineers.org/welding-research-council) 
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Article 210 
I n-Service Welding Onto Carbon Steel Pressure Com ponents or 

Pipelines 

210-1 DESCRIPTION 

This Article addresses the requirements and precau­
tions associated with welding onto pressure components 
or pipelines while the system is still in operation. ln­

service pressure components or pipelines include pres­

sure equipment and piping and are defined as systems 
in which the contents may or may not be pressurized 

and/or flowing but affect the way the weld cools. This 
Article is intended to be used in  conjunction with 
Part 2 of this Standard or another applicable construction 
code or post-construction code. 

There are two primary concerns when performing in­
service welding. The first concern is "burn-through," also 

referred to as "blowout." A burn-through occurs when the 

unmelted base material under the weld pool loses the 

ability to contain the contents of the pressure components 
or pipeline allowing the contents to be expelled. Welding 

onto pressure components or pipelines with thin walls 

[e.g., 4.8 mm (0.188 in.) or less] is possible as long as 
precautions are taken. Such precautions include control­
ling the heat input or penetration of the welding process 

and using smaller diameter electrodes [e.g., 2.4 mm (0.094 
in.)] when the wall thickness is less than 6 .4 mm (0.250 

in.). Safety aspects and contingency planning aspects for 

an occurrence of burn-through should be planned for in 

accordance with company practices, industry standards 
(e.g., API Recommended Practice 2201 ), or post-construc­
tion code. 

The second concern is hydrogen cracking. Hydrogen 

cracking occurs when tensile stresses are acting on the 

weld, hydrogen is present in the weld and, when the 
weld solidifies, the resultant weld microstructure is 
crack susceptible. If any of the three conditions is elimi­

nated or reduced below a threshold level, then hydrogen 
cracking will not occur. Tensile stresses can always be 

assumed d u e  to the s hrinkage of the weld upon 
cooling. Hydrogen, typically, cannot be eliminated but 
can be reduced by using proper low hydrogen welding 

processes such as shielded metal arc welding with 
EXX18 or EXX15 type electrodes. Crack-susceptible micro­

structures typically have high microstructure hardness 
and are controlled by the carbon equivalence of the mate­

rial and the rate at which the weld cools. 
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The likelihood of developing microstructures suscep­

tible to hydrogen cracking can be high because in ­
service welds tend to  have accelerated cooling rates 
due to the ability of the pressure components or pipeline 

contents to pull heat from the weld region. The chance of 

developing a crack-susceptible microstructure can be 
reduced by using welding procedures that overcome 

the cooling effect of the pressure components or pipeline 

contents or by altering the pressure components or pipe­
line operating conditions during in-service welding. Such 
welding procedures include using sufficiently high heat 

input levels  or by us ing specifi c  weld depos ition 
sequences. The most common in-service welding prac­

tices used to reduce hydrogen cracking concerns incorpo­

rate both a low-hydrogen welding process and a welding 
procedure that reduces the susceptibility of forming a 

crack-susceptible microstructure. The use of preheat is 

another technique that is commonly used to reduce 

the susceptibility of forming a crack-susceptible micro­
structure but it may be difficult to apply to in-service 

welding applications because of the ability of the pressure 
components or pipeline contents to cool the pipe wall 

especially for thin-walled applications. The cooling 
effect of the pressure components or pipeline contents 

can interfere with achieving the proper preheating 

temperature. 
Successful application of in-service welding procedures 

requires a balance between the probability of burn­
through and reducing the probabi lity of hydrogen 

cracking. For example, when welding onto a pipeline 

Jess than 6.4 mm (0.250 in.) thick it may be necessary 

to reduce the welding heat input to lower the probability 
of burn-through; however, the lower welding heat input 
could result in a weld microstructure that is susceptible to 
hydrogen cracking. When the maximum required welding 

heat input to eliminate the probability of burn-through is 
lower than the minimum required heat input to protect 

against hydrogen cracking then alternative precautions 
need to be taken (e.g., welding procedure that included 

a temper bead deposition sequence). 



ASME PCC-2-2022 

210-2 LIMITATIONS 

210-2.1 Additional Requirements 

Part 1 of this Standard, "Scope, Organization, and 

Intent," contains additional requirements and limitations. 
This Article shall be used in conjunction with Part 1.  

210-2.2 Piping and Pipeline Modifications 

This Article is limited to application of in-service 
welding. Though this Article covers in-service welding 
aspects, not all aspects of pressure components or pipeline 

modifications that are performed to modify or expand a 
piping system (e.g., the hot tapping procedure that may 
follow the in-service weld) are covered by this Article. This 

Article should be used in conjunction with another appli­
cable construction code or post-construction code that 

deals with the specifics of the pressure components or 

pipeline modification (e.g., for hot tapping, refer to API 
Recommended Practice 2201).  

210-2.3 Pressure Components or Pipeline Material 

This Article shall be limited to in-service welding onto 
all carbon steel pressure components or pipelines. This 

Article excludes welding onto stainless steels, alloyed 
steels (e.g., Cr-Mo), or nonferrous materials. 

210-2.4 Pressure Components or Pipeline 
Contents 

Before performing any in-service welding, the owner 

shall evaluate the effect that in-service welding could 
have on the contents of the pressure components or pipe­

line system (e.g., combustion, explosion, and increased 
s usceptibi l ity to corrosion or embrittlement) .  In­

service welding should only be performed on pressure 
components or pipelines where the evaluation indicates 

that there is not a significant risk associated with potential 
metallurgical degradation or chemical reaction from the 
in-service welding process and not a significant risk of 

chemical reaction in the process fluid as a result of poten­

tial contact with high metal temperatures. 

210-2.5 Operating Pressure 

An adjustment in the pressure during in-service 
welding may not be required from a welding perspective 
but may be necessary to increase the safety of the welder if 

a burn-through does occur. Safety aspects and contin­
gency planning aspects for an occurrence of a burn­

through should be planned for in accordance with 

company practices, industry standards (e.g., API Recom­
mended Practice 2201),  or post-construction code. 
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210-2.6 Operating Flow 

An adjustment in flow during in-service welding may 
increase hydrogen cracking risk (e.g., increase flow) or 

burn-through risk (e.g., reduce flow). An adjustment in 
flow should be addressed prior to in-service welding. 

210-2.7 Postweld Heat Treatment (PWHT) 

PWHT is difficult to perform while the pressure compo­

nents or pipeline system remains in service. If PWHT is 
required, the owner shall address all additional concerns 
to assure the welding and subsequent PWHT will be 

completed in a safe manner. If this cannot be achieved, 
then an alternative repair method shall be evaluated. 

210-3 DESIGN 

210-3.1 In-Service Fillet Weld Procedure 

An in-service fillet weld procedure is defined as a proce­

dure that is used to join additional material onto the in­

service pressure components or pipeline to reinforce a 
damaged area (e.g., full encirclement sleeves and patch 

plate repairs) or to facilitate a modification (e.g., proprie­
tary full encirclement hot-tap fitting) . The fillet weld shall 
be designed in accordance with an applicable construction 

code or post-construction code. 

210-3.2 In-Service Attachment Weld Procedure 

An in-service attachment weld procedure is defined as a 
procedure that is used to make a modification to existing 

pressure components or pipeline and usually includes a 
groove weld joint. The attachment weld shall be designed 

under one of the following two criteria: 

(a) If the attachment provides adequate reinforcement 
in accordance with an applicable construction code or 
post-construction code, no further reinforcement is 

required. 
(b) If the attachment does not provide adequate rein­

forcement in accordance with an applicable construction 
code or post-construction code, additional reinforcement 
is required. 

210-3.3 In-Service Weld Metal Buildup Procedure 

An in-service weld metal buildup procedure is defined 

as a procedure that is used to deposit weld metal onto the 
surface of the pressure components or pipeline to rein­

force a thinned area (e.g., metal loss due to corrosion or 

erosion). The weld metal buildup shall be designed in 
accordance with an applicable construction code or 

post-construction code. 
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210-4 FABRICATION 

210-4.1 Welding Procedure Qualification: Welding 

When approved by the welding engineer or welding 

inspector, a welding procedure qualified to the applicable 

new construction code or post-construction code may be 
used for in-service welding applications. However, the 

welding procedures that are to be used for welding 
onto in-service pressure components or pipeline shall 
address the probability of burn-through and hydrogen 

cracking. When required by the welding engineer or 
welding inspector, the welding procedure shall be qual­
ified using the set-up outlined in Mandatory Appendix 

210-1 and the testing in para. 2 1 0-4.2. The essential vari­
ables for the welding procedure qualification shall be in 
accordance with an applicable construction code or post­

construction code and should include the in-service 
welding essential variables listed in para. 2 1 0-4.1 .1 .  

WARNING: Materials that have high carbon equivalent 

values (e.g., > 0.45) or experience severe weld cooling 

rates (i.e., high cooling potential) may require special 

precautions. Such precautions may include but are not 

limited to temper bead welding sequence or applying a 

preheat step prior to in-service welding. 

210-4.1.1 In-Service Welding Essential Variables. The 
in-service welding essential variables are specific require­

ments for in-service welding that should be used in addi­
tion to the essential variables  from an applicable 

construction code or post-construction code. 

210-4.1.1.1 Weld Type. In-service welds shall be 
grouped into one of the following three types and qualified 

separately: 

(a) in-service fillet weld 
(b} in-service attachment weld 

(c) in-service weld metal buildup 

210-4.1.1.2 Cooling Potential. The rate at which a 
weld cools, or cooling potential, is an essential variable 

[e.g., cooling time from 800°C to 500°C  (1 ,472°F to 
9 3 2 ° F) ( sec) o r  cool ing  rate at 5 5 6 ° C  ( 1 , 0 0 0 ° F) 

(0/sec)]. An increase in the cooling potential of the in­
service pressure component or pipeline greater than 

the cooling potential used during the qualification of 
the welding procedure requires requalification. The 

cooling potential may be determined by direct measure­

ment, calculation, computer models, or a combination of 
these methods. 

NOTE: In the procedure qualification, wall thickness is not an 
essential variable but is directly related to the cooling potential 
of the pressure components or pipeline, which is an essential 
variable. 

210-4.1.1.3 Carbon Equivalence. The in-service 

welding procedure should be grouped according to 

carbon equivalence of the material. Carbon equivalence 
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is specified separately for the in-service pressure compo­

nents or pipeline and the second base material (e.g., full­

encirclement sleeve or attachment material) . An in­
service welding procedure qualified  on a specific  

carbon equivalent material may also be adequate for 
l ower carbon equivalent materials  assum ing the 

cooling potentials are the same. A procedure qualified 

on lower carbon equivalent material can be used in a 
repair application on a higher carbon equivalent material 
provided that the cooling potential of the repair applica­
tion is less than the cooling potential of the qualified proce­
dure and there is no increase in hydrogen cracking 

susceptibility. The carbon equivalent should be calculated 

using the following formula with the elements expressed 

in weight percent amounts: 

C C 
Mn Cr + Mo + V Ni + Cu E = + - + + ---6 s 15  

210-4.1 .1 .4 Welding Process. A change in  the 

welding process shall require requalification. 

210-4.1.1.5 Welding Consumable. An increase in the 

diffusible hydrogen level of the welding consumable or a 

change in the electrode type as defined by ASME BPVC, 

Section IX, Table QW-432, or another applicable construc­
tion code or post-construction code, shall require requal­
ification. 

210-4.1.1.6 Heat Input. The heat input range is deter­

mined by the weld procedure qualification and is the range 

that will produce a weld that will not burn through and has 
a low likelihood of producing a crack-susceptible micro­

structure. A change in the heat input range shall require 

requalification. The heat input should be calculated in 
accordance with ASME BPVC, Section IX, QW-409.l(a) 

or QW-409 .l (b), or another applicable construction 

code or post-construction code. 
(a) An increase in the heat input over the range speci­

fied in the in-service procedure qualification or specified 

in the in-service welding procedure shall be evaluated for 
burn-through risk. The probability of burn-through 
should be evaluated experimentally, by computer simula­

tion, or a combination of these methods. 
(b) A decrease in the heat input below the range speci­

fied in the in-service procedure qualification or specified 

in the in-service welding procedure shall require requal­
ifica ti on to determine the probabil ity of hydrogen 
cracking susceptibility. Hydrogen cracking susceptibility 

s h o u l d  b e  evaluated u s i ng the  test  o ut l i n e d  i n  
para. 2 10-4.2. 

210-4.1.1.7 Welding Current. A change in the range of 
welding current used in the procedure qualification or 
specified in the welding procedure shall require requal­

ification. 
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Table 210-4.2.1-1 
Type and Number of Test Specimens Required for an In-Service Welding Procedure Qualification 

Wall Thickness In-Service Weld Type 

5:12.7 mm (0.500 in.) Fillet 
Attachment 
Weld metal buildup 

>12.7 mm (0.500 in.) Fillet 
Attachment 
Weld metal buildup 

210-4.1.1.8 Postweld Bakeout. A reduction of the 

temperature or time of the application of a postweld 
bakeout shall require requalification. When specified, 

the minimum soaking temperature and time shall be 

specified. Any potential effect the postweld bakeout 
has on the pressure components or pipeline contents 

shall be evaluated. 

210-4.1.1.9 Preheat. A reduction of the temperature 
or time of application of a preheat requirement shall 
require requalification. When specified, the minimum 
soaking temperature and time shall be specified. Any 

potential effect the preheat requirement has on the pres­
sure components or pipeline contents shall be evaluated. 

210-4.1.1.10 Hydrogen Bakeout. A change in the 
temperature or time of application of the hydrogen 
bakeout procedure shall require requalification. Any 
potential effect the hydrogen bakeout requirement has 

on the pressure components or pipeline contents shall 
be evaluated. 

210-4.1.1.11 Surface Bead Placement. Any change in 

weld bead position or deposition sequence of the in­
service welding procedure shall require requalification. 

210-4.2 Weld Procedure Qualification: Testing 

Welding procedures that are to be used to weld onto in­
service pressure components or pipelines shall address 

the probability of burn-through and hydrogen cracking 
susceptibility. The probability of burn-through should 
be evaluated experimentally, by computer simulation, 

or a combination of these methods. Hydrogen cracking 
susceptibility should be evaluated by destructive and non­
destructive testing. When approved by the welding engi­

neer or welding inspector, a welding procedure qualified 

to the applicable new construction code or post-construc­
tion code may be used for in-service welding applications. 

When required by the welding engineer or welding 
inspector, the welding procedure shall be qualified 
using the set-up outlined in Mandatory Appendix 210-1 
and testing in para. 2 10-4.2 . The essential variables for 

SS 

Tests 

Face Side Nick- Metallography Hardness 

Bend Bend Break 

4 4 2 2 
4 4 2 2 
4 2 2 

4 4 2 2 
4 4 2 2 
2 2 2 2 

the welding procedure qualification shall be in accordance 

with an applicable construction code or post-construction 

code and should include the in-service welding essential 
variables listed in para. 210-4.1 .1 .  

210-4.2 . 1  Destructive Test Methods. In-service 

welding procedure test samples shall be taken from 

the procedure qualification weld coupon as specified in 
para. 2 10-4.2 .2 . The procedure shall be qualified by 
successful completion of the tests specified in paras. 

2 1 0-4.2 . 1 . 1  through 2 10-4.2 .1 .4. The number of tests 
for each in-service welding procedure is given in Table 

2 1 0-4.2 .1-1.  Two procedure qualification weld coupons 
should be fabricated if there is not enough material avail­

able for all of the test samples in one procedure qualifica­
tion. The destructive test specimens shall be machined in 
accordance with AWS 84.0 or other applicable standard. 

210-4.2.1.1 Macro-Section Test. The macro-section 
te st samples shall be removed and machined using 

nonthermal methods. The macro-section test sample 
should be in accordance with ASTM E3 or another equiva­
lent document to give a clear representation of the weld 

region. Visual examination of the macro-section test 

samples shall show 
(a) complete fusion 

(b) no cracks 
(c) no undercut exceeding 0.8 mm (0.03 1  in.) or 10% of 

the simulated in-service pressure components or pipeline 

wall thickness, whichever is smaller 
( d) for fillet welding procedures only, the fillet weld leg 

lengths are at least equal to the leg length specified in the 

welding procedure or other applicable process control 
document 

210-4.2.1 .2 Hardness Test. The hardness test 

samples shall be tested in accordance with ASTM E384 
or  another equivalent document. A minimum of five 

Vickers hardness indents, using a 10-kg load, shall be 
made in the coarse-grained heat-affected zone of the 
weld toe in accordance with Figure 2 1 0-4.2 .1 .2 - 1 .  The 

macro-section test samples may be used for the hardness 
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Figure 210-4.2.1.2-1 
Heat-Affected Zone Hardness Indent Locations 

GENERAL NOTES: 
(a) Indents are spaced 0.2 mm (0.008 in.) from fusion line and 0.6 mm (0.024 in.) apart. Initial indent is located 0.6 mm (0.024 in.) from weld toe. 
(b) The figure is not to scale. 

test samples after the metallographic analysis has been 

completed. 

210-4.2.1 .3 Nick-Break Test. Nick-break test 

s a m p l e s  s h a l l  be r e m oved and m a c h i n e d  u s i n g  
nonthermal methods, and shall b e  tested according to 
AWS 84.0 or another equivalent document. Visual inspec­

tion of the nick-break test sample fracture surfaces shall 
show 

(a) complete fusion. 
(b) no single pore exceeds 1.6 mm (0.063 in.) in size, 

and the combined area of all pores does not exceed 2% of 

the exposed fracture surface area. 
(c) no slag inclusion exceeds 0.8 mm (0.031  in.) in 

depth and 3.2 mm (0. 1 2 5  in.) or one-half the nominal 
pipe wall thickness in length, whichever one is smaller. 
The distance between adjacent slag inclusions shall not 

be less than 12.7 mm (0.500 in.) . 
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(d) fisheyes, as defined in AWS A3.0 ,  should not be 
cause for rejection. 

210-4.2.1.4 Face or Side Bend Test. The bend test 

samples shall be machined using nonthermal methods, 
and shall be tested according to AWS 84.0 or another 

equivalent document.1 The bend test samples should 
be bent in a guided-bend test jig or equivalent equipment. 

For face bends, the bend test sample shall be placed with 

the face of the weld opposite the mandrel (Figure 
2 1 0-4 .2 . 1 . 4 - 1) .  The weld reinforcement should be 
removed prior to bending. The remaining weld should 
not exceed 1.6 mm (0 .063 in.) . The bend test sample 
shall be bent until the curvature of the bend test specimen 

is approximately a U-shape (Figure 2 1 0-4.2 .1 .4-2).  Visual 

inspection of the bend test specimens shall show 

1 The simulated in-service pressure components or pipeline nick-break 
test sample for a fillet or attachment welding procedure can be used for 
the face bend test sample. 
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Figure 210-4.2.1.4-1 
Mandrel Location Relative to the Weld Toe When Doing Face Bend Test for a Typical In-Service Fillet Weld 

� - - - - - - - - - - - - - - - - - - - - - - - - - - - :,, 
I ' 
I ' ' :_ - - - - - - - - - - - - - - - - - - - - - - - - - - - � ' ' 

GENERAL NOTES: 

< 1 .6 mm (0.063 i n . )  

t 

(a) The dashed portion of the completed weld needs to be removed prior to testing. 
(b) The figure is not to scale. 

Figure 210-4.2.1.4-2 
Examples of In-Service Welding Procedure Qualification Face Bend Test Samples 

57 
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(a) no cracks or other weld flaws exceeding 3.2 mm 
(0. 125  in.) or one-half the nominal pipe wall thickness, 

whichever is smaller, in length are present in the weld 
or fusion zone 

(b J cracks that originate from the edge of the bend test 
specimen that are less than 6.4 mm (0.250 in.) in length in 

any direction should not be cause for rejection unless an 

obvious weld flaw is present 

210-4.2.2 Sample Location. The locations of the in­

service welding procedure test samples for a fillet 
weld should be taken from equally spaced intervals 
around the procedure qualification weld coupon as 
shown in Figure 2 10-4.2 .2- 1 .  The locations of the in­

service welding procedure test samples for an attachment 
weld should be taken from equal spaced intervals around 
the procedure qualification weld coupon with samples 

taken from both the crotch and saddle portions of the 
weld as shown in Figure 2 1 0-4.2 .2-2 . The locations of 
the in-service welding procedure test samples for a 

weld buildup weld coupon should be taken as shown 
in Figure 2 10-4.2 .2-3. 

210-4.3 Welder Performance Qualification 

Welders that are to perform in-service welding onto 
pressure components or p ipelines shall demonstrate 

the ability to deposit welds that produce microstructures 
that are not crack susceptible and/ or avoid burning 
through the pressure component or pipeline. This may 

be demonstrated by successfully depositing an in­

service weld or by qualifying a welder using the set-up 
detailed in Mandatory Appendix 2 10-1 and testing require­

ments outlined in para. 2 1 0-4.2. 

210-5 EXAMI NATION 

210-5.1 NOE Method 

The in-service weld, made in the field, shall be examined 

after welding has been completed. The method of exam­
ination shall be in accordance with an applicable construc­

tion code or post-construction code with the additional 

ability to locate weld flaws including hydrogen cracking 
since it is a major concern for in-service welding under the 

service conditions (e.g., operating temperature) . The 

acceptance criteria for the NOE examination shall be in 
accordance with an applicable construction code or 

post-construction code. If welding was done to repair a 

service induced defect, the NOE method that was used 
to detect the defect shall be used to verify removal of 

the defect. 
When NOE procedures are applied after in-service 

welding, special procedures may be necessary where 
the components are operating at temperatures signifi­

cantly above ambient. 

58 

210-5.2 Examination Time 

When hydrogen cracking is a concern, in-service welds 
should be examined 24 hr to 72 hr after welding has been 

completed. 

210-6 TESTING 

Testing should be completed in accordance with an ap­
plicable construction code or post-construction code. If 

hydrotesting of a hot tapping component after installation 

is contemplated, the user is advised to consider the 
temperature of the operating component in order to 

avoid having the test fluid flash to steam. 

210-7 REFERENCES (22) 

The following is a list of publications referenced in this 
Article. Unless otherwise specified, the latest edition shall 
apply. 

AGA Pipeline Repair Manual, December 3 1, 1994 
Publisher: American Gas Association (AGA), 400 North 

Capitol Street, NW, Washington, DC 20001 

( www.aga.org) 

AP! Recommended Practice 2201, Safe Hot Tapping Prac-
tices in the Petroleum and Petrochemical Industries 

API Recommended Practice 579-1 

API 5 79-1/ ASME FFS-1, Fitness-For-Service 

API Standard 1 1 04, Welding of Pipelines and Related 

Facilities 
Publisher:  American Petroleum Institute (API), 2 0 0  

Massachusetts Avenue NW, Suite 1 100, Washington, 
DC 2 0001-5571 (www.api.org) 

ANSI/AWS A3.0, Standard Definitions; Including Terms 

for Adhesive Bonding, Brazing, Soldering, Thermal 
Cutting, and Thermal Spraying 

ANSI/  AWS B4 .0 ,  Standard M ethods for Mechanical 

Testing Welds 
Publisher: American Welding Society (AWS), 8669 NW 36 

Street, No.  1 30, Miami, FL 3 3 166 (www.aws.org) 

ANSI/NB-23-2007, National Board Inspection Code 
Publisher: National Board of Boiler and Pressure Vessel 

Inspectors (NBBI}, 1055 Crupper Avenue, Columbus, 

OH 43229 (www.nationalboard.org) 

ASME B3 1.1,  Pressure Piping 
ASME B3 1.3, Process Piping 
ASME B3 1.4, Pipeline Transportation Systems for Liquid 

Hydrocarbons and Other Liquids 
ASME B3 1 .8, Gas Transmission and Distribution Piping 

Systems 

ASME Boiler and Pressure Vessel Code, 2007 Edition, 
Section IX, Welding and B razing Qual ifications ;  

Article I I  - Welding Procedure Qual ifications ;  
Article I I I  - Welding Performance Qualifications 
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Publisher: The American Society of Mechanical Engineers 
(ASME), Two Park Avenue, New York, NY 10016-5990 

( www.asme.org) 

ASTM E3, Standard Practice for Preparation of Metallo­
graphic Specimens 

ASTM E384, Standard Test Method for Microindentation 

Hardness of Materials 

Publisher: American Society for Testing and Materials 
(ASTM International), 1 0 0  Barr Harbor Drive, P .O.  
Box C 7 0 0 ,  West Conshohocken, PA 1 9 4 2 8 - 2 9 5 9  

( www.astm.org) 

CSA Standard Z662, Oil and Gas Pipeline Systems 
Publisher: Canadian Standards Association (CSA), 178 

Rexdale Boulevard, Toronto, O ntario M9W 1 R3 ,  
Canada (www.csagroup.org) 

Figure 210-4.2.2-1 
Test Sample Locations for In-Service Fillet Welding Procedure Qualification Assuming Equal Spacing Around the 

Circumference to Obtain ALL the Required Test Specimens 

/ / // / / / / / / // / / / / // / / 
/ / // / / 
/ / / / // N B  

/ / � MS // 
FB 

GENERAL NOTES: 
(a) NB = nick-break test sample; FB = face bend test sample; MS = metallographic test sample. 
(b) The figure is not to scale. 
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Figure 210-4.2.2-2 
Test Sample Locations for In-Service Attachment Welding Procedure Qualification Assuming Equal Spacing Around 

the Circumference to Obtain ALL the Required Test Specimens 

Attach ment weld 

GENERAL NOTES: 
(a) NB = nick-break test sample; FB = face bend test sample; MS = metallographic test sample. 
(b) The figure is not to scale. 
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Figure 210-4.2.2-3 
Test Sample Locations for In-Service Weld Metal Buildup Welding Procedure Qualification 

GENERAL NOTES: 
(a) SB = side bend test sample; FB = face bend test sample; MS = metallographic test sample. 
(b) The figure is not to scale. 
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Mandatory Appendix 210- 1 
I n-Service Welding Procedure/Welder Performance 

Qualification Setup 

The intent o f  producing a simulated in-service welding 
procedure qualification is to make welds that will be more 
likely to produce hydrogen cracking during the qualifica­
tion than in the field. This can be done by making welds on 
higher carbon equivalent carbon steel, by using a higher 

cooling potential, or by incorporating both variables to 
have a more conservatively qualified procedure. 

The simulated in-service setup used for the in-service 
procedure qualification can be any applicable joint config­
uration, but it is imperative that the in-service procedure 

qualification weld coupon be more susceptible to 
hydrogen cracking. It is good practice to simulate the 
actual field weld that will be made using the in-service 
welding procedure. It is common for the in-service 

production qual ification weld to be made using a 
higher carbon equivalent carbon steel pipe with water 
backing because water has been shown to cool welds 

faster than any other cooling medium. It is important 
to note that using water as the cooling medium may 

make the welding procedure overly conservative to the 

point of making it impossible to successfully qualify 

the weld coupon. 
The in-service procedure qualification coupon should 

have sufficient length to remove all of the required 

test specimens. More than one assembly may be used 
if all the required specimens cannot be removed from 

a s ingle assembly. The cool ing medium should be 

Figure 210-1-1 
Procedure and Welder Qualification Test Assembly for an In-Service Fillet Weld 

GENERAL NOTE: The longitudinal weld seam is not considered an in-service weld unless the longitudinal seam weld fuses to the simulated in­
service pipe. 
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Figure 210-1-2 
Procedure and Welder Qualification Test Assembly for an In-Service Attachment Weld 

circulated through the test assembly prior to welding. The 
simulated in-service setup should be prepared as follows: 

(a) The simulated in-service setup for an in-service 
fillet weld should be prepared in a manner similar to 

Figure 2 10-1-1 or an alternative position that would simu­
late the in-service welding application. The sleeve should 

have a close fit to the carrier pipe unless a special design 

sleeve fitting is to be qualified. The sleeve longitudinal 
groove welds should be welded prior to the in-service 

fillet welds to improve fit-up [see Note to Figure 2 1 0-1-1] .  
(b) The simulated in-service setup for an in-service 

attachment weld should be prepared in a manner 

similar to Figure 2 1 0-1-2 or an alternative position that 
would simulate the in-service welding application. The 
tack welds should be ground to assure complete fusion 
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along the entire length of the weld. No test samples 
shall be taken from the tack locations. 

(c) The simulated in-service setup for an in-service 

weld metal buildup weld should be prepared in a 

manner similar to Figure 2 10-1 -1  but without using the 
sleeve. The weld will be deposited directly onto the 

pipe wall. It is common to mechanically remove a specified 
amount of wall to simulate corrosion loss. The probability 
of burn-through shall be evaluated before weld metal 

buildup is performed using the qualified procedure in 

the field. 
After completion of the procedure qualification weld, 

the cooling medium shall continue until the entire 

assembly has achieved a uniform equilibrium tempera­
ture. 



ASME PCC-2-2022 

Article 211 
Weld Buildup, Weld Overlay, and Clad Restoration 

211-1 DESCRI PTION 

211-1.1 Introduction 

This Article addresses the repair and restoration by 
weld buildup or weld overlay of carbon steel base 

metal, low alloy steel base metal, and corrosion-resistant 
cladding or weld overlay on internal surfaces of pressure 

vessels and piping that have experienced wall thinning. 

211-1.2 Scope 

Repairs to weld overlay or cladding can involve replace­
ment of the entire thickness of the cladding or weld 

overlay, or a partial thickness of the weld overlay. 

211-1.3 Damaged Base Metal 

In carbon steel or low alloy steel applications, weld 

overlay or weld buildup can be used to rebuild areas 
that are worn from erosion, corrosion, or flow-accelerated 

corrosion (FAC), or which have been ground out to remove 

defects such as cracks. The original pressure boundary 

integrity of the base metal can be restored. 

211-1.4 Damaged Weld Overlay and Cladding 

Corrosion-resistant weld overlay can be used to replace 
damaged areas that originally had similar overlay, or that 

originally had corrosion-resistant cladding over carbon 
steel or low alloy steel material. Corrosion-resistant 

weld overlay can also be used to back-clad seams that 
have been repaired on clad material with carbon steel 

or low alloy steel base metal. 

(22) 211-1.5 Definitions 

See para. 101-3.2.2 for definitions. 

211-2 LIMITATIONS 

211-2.1 Additional Requirements 

Part 1 of this Standard, "Scope, Organization, and 

Intent," contains additional requirements and limitations. 
This Article shall be used in conjunction with Part 1 .  
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211-2.2 Base Metal Condition 

This Article shall apply to wall thinning and does not 
specifically address other types of surface defects. See 
Article 304, "Flaw Excavation and Weld Repair" for 

other types of surface defects. The remaining base 
metal thickness shall be adequate to accommodate 

weld buildup. 

211-3 DESIGN 

211-3.1 Cause of Damage 

Prior to repair welding, determination should be made 
of the causes of the damage to the weld overlay, cladding, 
or base metal. The use of weld overlay or weld buildup as a 

permanent repair should include consideration of the 
thinning mechanism and its prevention. Consideration 

should be given to replacement of all or part of the 
weld overlay in case there is damage to the cladding 

or weld overlay (corrosion, embrittlement and cracking, 
etc.). 

211-3.2 Number of Weld Layers 

Weld overlay or back cladding may be deposited in one 

or more layers. More than one layer is required where 
temper-bead techniques are used. The number of weld 

layers in production shall not be less than the number 
of layers deposited for weld overlay procedure qualifica­
tion tests. 

211-3.3 Weld Thickness 

The total depth of overlay or back cladding shall be 3 

mm (Ya in.) or greater in thickness, unless otherwise speci­

fied. In all cases, the weld overlay thickness and the base 
metal thickness shall at least equal the minimum thickness 

of the undamaged metal. 

211-3.4 Multiple-Layer Welding 

If multiple-layer overlay or back cladding is required to 
meet the specified chemistry, and subsequent machining 

or grinding is necessary to satisfy dimensional require­
ments, the final machined or ground overlay thickness 
shall not be less than the qualified thickness. Examples 

include machining of gasket grooves in flanges and 
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tubesheets or grinding of heat exchanger shell inside 
diameter to permit insertion of tube bundle. 

211-3.5 Base Metal Restoration 

When the strength of the original base metal is to be 

restored by weld buildup, the weld metal tensile strength 

should equal or exceed that of the base metal. Considera­
tion should also be given to compatibility of the weld metal 
with the base metal and suitability for the intended 

service. 

211-3.6 Corrosion Protection 

Where weld overlay is applied for corrosion protection, 
such as stainless steel overlay on carbon steel or low alloy 
base metal, appropriate weld chemistry (such as Type 309 
followed by Type 308 filler metal) should be specified. 

211-3.7 Design Calculations 

All design calculations should be in accordance with the 
original construction code. If overlay or cladding is 

included in the thickness calculations, the calculations 
shall be in accordance with the original construction 

code or, when none exists, they may be based on 
ASME BPVC, Section VIII, Division 1, UCL-23 .  

211-3.8 Other Considerations 

211-3.8.1 Differential Thermal Expansion. Considera­

tion should be given to differential thermal expansion 

between the base metal and weld overlay. 

211-3.8.2 Galvanic Corrosion .  The possibility of 

galvanic corrosion should be considered in the base 
metal at the edge of high alloy or nonferrous weld overlay. 

211-4 FABRICATION 

211-4.l Surface Preparation 

Surfaces to be welded shall be free of rust, scale, paint, 
coatings, and other contaminants, and shall have a smooth 

contour. If surfaces are to be prepared by blasting, media 
should be free of silica that would interfere with subse­
quent welding operations. 

211-4.2 Welding Procedure Qualification 

Welding procedures, welders, and welding operators 
shall be qualified in accordance with the current require­

ments of the applicable construction code or post­

construction code. If not otherwise specified, ASME 
BPVC, Section IX may be used for procedure and perfor­

mance qualifications. Typically, semiautomatic welding 
processes such as GMA W are used to maximize produc­
tivity and to minimize heat input. For larger areas to be 
welded, machine approaches using welding equipment 
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mounted on tracks for better control and productivity 

rates may be appropriate. 

211-4.3 Weld Overlay 

211-4.3.1 Heat Input. Application of the first overlay 

pass in thin shells shall be such that penetration, and 
thus the potential for burn-through, is minimized. In 

general ,  heat input shall be minimized to prevent 
burn-through and distortion. 

211-4.3.2 Weld Overlay Thickness. Weld overlay 

thickness shall be verified by actual measurement of 
the exposed edge at weld joint preparations or repair 

cavities. Questions regarding overlay thickness should 
be resolved by thickness measurements. Consultation 
with an NOE specialist may be necessary. 

211-4.4 Back Cladding 

211-4.4.1 Weld Groove Preparation .  (Typical weld 
j o i n t  d e t a i l s  for b a c k  c l a d d i n g  a r e  s h o w n  i n  
Figure 2 11-4.4.1-1.) 

Prior to back cladding butt joints, the weld groove in the 
backing material shall be filled approximately flush with, 
but not more than 1.5 mm (1!16 in.) below the weld overlay 

fusion line or the clad bond line adjacent to the weld 
groove prior to back cladding. Care shall be taken to 

avoid cross-contaminating the cladding and backing mate­
rial weld metal. Any suspected areas of cross-contamina­
tion shall be etched with either a nitric acid or copper 

sulfate solution to confirm the location of the clad/ 

substrate interface. 

211-4.4.2 Strip Back. Prior to back cladding butt joints, 

cladding shall be stripped back a minimum of 6 mm (114 in.) 

from the edge of the plate, pipe, or fitting. 

211-4.5 Special Considerations for Low Alloy 
Steels 

211-4.5.1 Dehydrogenation Heat Treatment. Prior to 

any repairs being performed, consideration should be 
given to the need for a dehydrogenation heat treatment 

of vessels or parts that have been exposed to products or 
p rocesses containing hydrogen to avoid hydrogen 
cracking during repairs. Dehydrogenation heat treatment 

may be performed as outlined within AP! RP 934. 

211-4.5.2 Embrittlement. Some materials may have 

been exposed to service conditions that cause embrittle­
ment of these materials. Consideration should be given to 

the prior service conditions and the potential damage in 

materials resulting from these service conditions. This 
may require special welding procedures and techniques 

to minimize the risk of cracking during welded repairs. For 
example, the use of welding procedures that provide 
controlled deposition and low welding heat input 
reduce the risk of cracking in embrittled base metals 

during welding repairs. 
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Figure 211-4.4.1-1 
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211-4.5.3 Intermediate PWHT. After performing weld 

repairs to low alloy steel base metal, but before application 
of weld overlay (if applicable), a dehydrogenation heat 

treatment or an intermediate PWHT should be consid­
ered, especially if the base metal is 2 1/4Cr or higher 
alloy, or heavy wall (greater than 38 mm or 11/2 in. thick). 

211-4.5.4 Hardness and Toughness. Consideration 

should be given to the maximum hardness and toughness 
needed in weld metal and in base metal heat-affected 

zones for the intended service. 

211-4.6 Surface Profile 

Finished surfaces should be free of undercut, notches, 
sharp ridges, and abrupt surface changes. Grinding may be 
required to eliminate irregularities or pits. 

211-4.7 Heat Treatment 

211-4.7.l General. Heat treatment shall be performed 

in accordance with the applicable construction code or 
post-construction code, or owner-user specification. As 
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an alternative to heat treatment, and if allowed by the 

applicable construction code or post-construction code 
and a pproved by the owner, consideration may be 

given to the use of alternatives such as temper bead 

welding procedures. 

211-4.7.2 Prior PWHT. Consideration should be given 
to the effect of any prior postweld heat treatments 
(PWHT) and any additional PWHT for welded repairs 

on cladding and on strength and toughness of the base 
metal and welded joints. 

211-4.7.3 Low Alloy Steels. In case of repairs to the 
cladding or weld overlay on low alloy steels (e.g., Cr­
Mo ), the repaired area may be subjected to final PWHT 

any time after the deposition of 5 mm (3!16 in.) of the 

first layer of the corrosion- resistant weld deposit  
(unless another depth is qualified) . Final PWHT may 

be performed either before or after the deposition of addi­
tional layers of overlay since only the first layer of weld 
deposit will cause a HAZ in the base metal. Subsequent 
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layers of welding would not be expected to create a new 

HAZ in the base metal. 

211-5 EXAMI NATION 

211-5.l General 

211-5 . 1 . 1  Nondestructive Exami nation Before 
Welding. Consideration should be given to the need 

for nondestructive examination of  s urfaces to be 
welded. An appropriate method such as magnetic particle 

or liquid penetrant may be utilized to ensure that all 
defects have been removed before the welding. Any un­
acceptable indications that are discovered shall be 

removed in accordance with Article 304, "Flaw Excavation 
and Weld Repair," of this Standard prior to application of 

weld overlay. The acceptance criteria shall be in accor­

dance with the applicable construction code or post­

construction code. 

211-5.1.2 Nondestructive Examination After Welding. 
Consideration should be given to the need for nondestruc­

tive examination of surfaces repaired by welding. Surface 
examination methods such as magnetic particle, liquid 

penetrant, ultrasonic, or surface eddy current may be 
utilized in accordance with the applicable construction 

code or post-construction code. Welds on base metal 
over 9.5 mm c% in.) thick should be examined by volu­
metric examination methods such as radiographic or 
ultrasonic testing. The acceptance criteria shall be in 

accordance with the applicable construction code or 

post-construction code. 

211-5.2 Copper Sulfate Solution Testing 

After removal of any damaged stainless steel weld 
overlay, and prior to applying new weld metal, carbon 
steel surfaces should be examined with copper sulfate 

solution to verify complete removal of stainless steel. 

(See ASTM A380 for copper sulfate testing.) 

211-5.3 Liquid Penetrant Examination of Weld 
Overlay and Back Cladding 

211-5.3.1 Multiple-Layer Welds. For multiple-layer 

weld overlay or back cladding, liquid penetrant examina­
tion should be performed on the first layer of the weld 

overlay. 

211-5.3.2 Finished Surfaces. The final surface of weld 

overlays, back cladding, and welds joining attachments to 
weld overlays or integral cladding should be liquid pene­
trant examined to an appropriate extent. 

211-5.3.3 Examination and Acceptance Standards. 
Examination and acceptance standards shall be in accor­
dance with the applicable construction code or post­

construction code. If no standard is specified by the ap­

plicable construction code or post-construction code, the 
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examination may be conducted in accordance with ASME 
B PVC, Section V, and acceptance criteria may be in accor­

dance with ASME BPVC, Section VIII, Division 1, Manda­
tory Appendix 8. Defective areas shall be repaired and 
reexamined. 

211-6 TESTING 

211-6.l Chemical Analysis 

211-6.1 .1 Procedure Qualification. The chemical 
composition at the "effective depth" of the overlay or 

back cladding should be included in welding procedure 
qualification tests. 

211-6.1.2 Production Welding.  Alternatively, the 

chemical composition at the "effective depth" of the 

overlay or back cladding shall be reported for production 
welding, when specified by the owner. The acceptance 
criteria for production overlay and back cladding shall 

be in accordance with the owner's specification except 
as noted in this Standard. 

211-6.1.3 Extent of Chemistry and Ferrite Testing 

(a) The number of samples for chemical analysis for all 
types of weld overlay and back cladding, and number of 

ferrite measurements for austenitic stainless steel 
deposits shall be as specified by the owner. When 

required, test samples should be removed, or in situ 
tests should be conducted, prior to final PWHT (if appli­

cable) at locations selected by the field inspector. Testing 

after PWHT is not required unless otherwise specified by 

the owner. 

(1) For machine weld overlay, one sample or test 

from each girth weld and component (such as head, tube­

sheet, connection, etc.), and each back-clad seam is rec­
ommended. For manual weld overlay, two samples or 

tests from each girth weld and equipment component 

(such as head, tubesheet, connection, etc.), and each 
back-clad seam are recommended. 

(2) For back-clad seams s; 6 0 0  mm (24 in.) in 

diameter, one sample for each 24 diametral-inch, or 
part thereof, is recommended. The 24 diametral-inch 

m easurement is cumulative for all back-clad seams 
600 mm (24 in.) diameter and smaller employing the 
same welding procedure, process, and filler metal. 

EXAMPLE: One 20 in. manway and three 8 in. nozzles = 44 
diametral-inches; or one 5 0 0  mm manway and three 200  
mm nozzles = 1 100 mm diameter measurement. Therefore, 
two tests are required. 

(b) For repetitive manual, semi-automatic, and auto­

matic weld overlay operations on components > 600 
mm (24 in.) diameter, two tests per welder per week 

may be substituted for the requirements of (a} ( l }  

above. However, there shall be n o  change i n  welding 
procedure, filler metal classification, batch number of 
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submerged arc or electroslag flux, or welding position. 

Authorization shall be at the discretion of the owner. 

211-6.2 Chemical Composition of Austenitic 
Stainless Steel Weld Deposits 

The chemical analysis shall be within the range speci­
fied in the original construction code, or in ASME BPVC, 
Section II, Part C. 

211-6.3 Ferrite Testing of Austenitic Stainless 
Steel Weld Deposits 

Suggested requirements for austenitic stainless steel 

ferrite numbers are as follows: 
(a) The ferrite content of the deposited weld overlay or 

back cladding at the effective depth (as defined in 
section 2 1 1-1) should be as follows: 

(1) For Type 304, 304L, 3 16, 3 16L, and 3 17L, the FN 
range should be 4 to 10. 

(2) For Type 347, the FN range should be 3 to 10. 
(b) The ferrite content should be determined by one of 

the following: 
(1) the actual, as-deposited chemical composition 

and the WRC-1992 Constitution Diagram 

(2) magnetic instrument as listed in AWS A4. 2/ 
A4.2M 

211-6.4 Calibration of Magnetic Ferrite Testing 
Gages 

(a) Magnetic gages should be calibrated and certified 
per AWS A4.2/ A4.2M. An annual calibration certification 

should be available to the inspector. Prior to use in produc­

tion, instrument calibration should be verified on at least 
two standards (calibration test blocks) with a minimum 

ferrite spread of 5 FN. At least one of these standards 

should have a FN of 4 to 10. 
(b} These standards should be one of the following: 

(1) primary or secondary weld metal standards 
described in AWS A4.2/A4.2M 

(2) samples with certified chemical analyses refer­
enced to the WRC-1992 (FN) Diagram or the DeLong 

(FN) Diagram 
(3) samples with ferrite content measured by metal­

lographic techniques 

211-6.5 Ferricyanide Testing of Ni-Cu (Alloy 400) 
and Cu-Ni  Alloys 

(a) Ferricyanide testing should be performed on all 
nickel-copper [Alloy 400 (Mone!),  6 7 Ni-30Cu] and 

copper-nickel (70Cu-30Ni, 90Cu- 10Ni) alloy overlays 
and back cladding. 

(b} Ferricyanide tests should be performed on 100% of 

finished nickel-copper or copper-nickel overlays and 
back cladding deposits. The results should not indicate 

the presence of free iron. 
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The suggested test procedure is as follows: 
(1) The surface to be examined should be prepared 

by a method that does not cause contamination by free 
iron. A solvent or detergent solution should remove 

oil, grease, and dirt. A pickling solution may be used to 
remove oxides .  The surface should b e  thoroughly 

rinsed after pickling or detergent cleaning, using distilled 
or de-ionized water. If mechanical surface preparation is 

required, new emery paper or grinding wheels, and 
nonferritic buffing wheels and brushes should be used. 

(2) Suggested composition of the test solution is as 

follows: 

(-a) 90% by volume potassium ferricyanide (4% 
solution) 

(-b) 10% by volume solution consisting of 1 part 
concentrated hydrochloric acid (36% to 38% by weight 

HCI) and 9 parts distilled water 
(3) Fresh test solution should be prepared immedi­

ately before application. 
( 4 J The testing solution's reaction should be checked 

on samples of nickel-copper or copper-nickel and carbon 

steel. A blue color should appear immediately on carbon 

steel. No color should appear on nickel-copper or copper­

nickel within 10 min. If color does appear, the solution is 
too acidic, and new solution should be formulated. 

(SJ Solution should be applied to the tested surface 
by spraying (using an atomizer) or drop-by-drop (using an 

eyedropper). Appearance of a definite blue color within 2 
min indicates the presence of free iron. A light blue tint 

should be considered insignificant. 
(6) Questions regarding determination of iron 

content based on the degree of blueness should be 

resolved by spot chemical analysis .  The iron content 

should not exceed 6%. 

211-6.6 Hydrostatic Testing 

The inspector should be consulted to establish the need 
for hydrostatic testing of equipment after repairs are 
complete. Pressure testing is generally not needed for 

weld buildup and restoration type repairs, but if specified, 

should be in accordance with the construction code or 
post-construction code. 

211-7 REFERENCES (22) 

The following is a list of publications referenced in this 

Article. Unless otherwise specified, the latest edition shall 
apply. 

ANSI/NB-23-2007, National Board Inspection Code 

Publisher: National Board of Boiler and Pressure Vessel 
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API RP 582, Welding Guidelines for the Chemical, Oil and 

Gas Industries 
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Electrodes, and Filler Metals 

ASME Boiler and Pressure Vessel Code, 2007 Edition, 

Section V - Nondestructive Examination 
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Pressure Vessels 
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( www.asme.org) 
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Baker, K., Jr., R. Sloan, J. R. Sloan, and E. Upitis. Repair of a 
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412:95-105 
WRC-1992,Constitution Diagram for Stainless Steel Weld 

Metals; Kotecki, D.J. and Siewert, T.A. 



ASME PCC-2-2022 

Article 212 
Fillet Welded Patches 

212-1 DESCRIPTION 

(a) This repair method describes the selection criteria, 

application limitations, design, fabrication, examination, 
and testing of fillet welded surface patches to pres­

sure- retaining components .  S imi lar  fil let  welded 

surface patch repair methods with reinforcing plug 
welds are provided in Article 207. 

(b J This repair method consists of fitting a repair plate 

to closely match the original component's exterior or 
interior surface. The repair plate is sized to cover the 
areas exhibiting damage, both at the time of repair and 

that anticipated for the repair's design life. 
(c) The repair method is typically applied to pressure­

retaining shells that have suffered local wall thinning 

(including through-wall) due to erosion, corrosion, and 
other local damage mechanisms. 

(d) This repair method is applicable to cylindrical, 

spherical, flat, and conical shells as well as other pressure 

components. 
(e) This repair method is generally suitable for service 

temperatures above the nil-ductility temperature of the 

materials of construction up to a maximum design 
temperature o f  3 4 5 ° C  ( 6 5 0 ° F) .  Use of  this repair  

method for lower temperatures requires evaluation of 
notch toughness, nonductile fracture and other applicable 
low temperature effects. Use of this repair method for 

higher temperatures requires evaluation of thermal 
fatigue, creep, and other applicable high temperature 
effects. 

(fJ Figure 212 - 1 -1  shows a typical application on a 

vessel with a nearby structural discontinuity (in this 
case a nozzle) .  The plan view on top shows two of 

many possible repair patch configurations, which are 

generally rectilinear in shape with rounded corners. 
The bottom sectional view shows the curvature matching 
aspect of each repair plate. 

212-2 LIMITATIONS 

(a) Part 1 of this Standard, "Scope, Organization, and 
Intent," contains additional requirements and limitations. 

This Article shall be used in conjunction with Part 1 .  

(b) This repair method is not limited by the component 
size. However, a sleeve type repair may be more suitable 

for those applications where axisymmetric behavior is 
important. 
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(c) This repair method shall not be used where the 
damage mechanism, the extent of damage, or l ikely 
future damage cannot be characterized. This repair 

method may be used in certain cases on areas with 

local crack-like flaws, provided 

(1 J the growth has stopped, been arrested, or can be 
accurately predicted for all propagation modes 

(2) the effect of the flaw is evaluated using detailed 
analyses 

212-3 DESIGN 

212-3.1 General 

(a) The design approach for this repair method is based 
in part on standard pressure component design calcula­
tions, such as those in the ASME BPVC, Section VIII, Divi­
s i o n  1 .  T h e  a p p l i cat ion  l i m itati o n s  i m p o s e d  i n  

section 2 12-2 apply to the governing load case resulting 

from internal pressure where the resultant stress is 

membrane stress .  However, if the component to be 
repaired is subject to bending, torsion, wind loads, or 
to fatigue, the design shall include evaluation of these con­

ditions using appropriate methods of analysis. In all cases, 
an engineering analysis shall be performed. 

(b} In general, the patch material and welding filler 
metal should be the same or very similar (e.g., composi­
tional, physical, and mechanical properties) to that of the 

pressure component's original construction. Repair mate­
rial selection shall consider, as a minimum, characteristics 
such as chemistry, weldability, physical properties (such 

as coefficient of thermal expansion), mechanical proper­

ties (such as strength, ductility, notch toughness), and 
compatibility with the process medium. 

(c) The thickness of the patch plate is dependent on 

material mechanical properties and the calculated attach­
ment weld sizes. 

(d) The size (length and width) of the patch plate is 

governed by the requirement that all attachment welds 
be located on sound base metal completely encompassing 

the damaged area(s) (see Figure 2 1 2-1 -1) .  The repair 

plate shall also be large enough to encompass any addi­
tional area(s) anticipated to experience similar or related 

damage during the life of the repair. The patch plate should 
overlap sound base metal by at least 25 mm (1 in.). 
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Figure 212-1-1 
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(e) This repair method is generally used on the outside 
surface of components subject to internal pressure. For 

applications under external pressure, a separate analysis 
to evaluate buckling and other instability considerations 

shall be performed. 
(f) In assessing the applicability and service life of this 

repair method, consideration shall be given to material 

compatibility, future operating conditions, thermal and 
shrinkage effects of welding, the introduction of crevices 

and structural discontinuities, thermal transients and 

temperature differentials between the patch plate and 
the component, and other application limits such as ex­

amination and testing constraints. If the damage to be 
patched is,  or  is expected to be,  through-wall, the 
effects of fluids (e.g., entrapment, concentration, corro­

sion, etc.) that may accumulate between the vessel and 
the patch plate shall be assessed. If this repair method 

is to be implemented during component operation, addi­
tional precautions may need to be taken for personnel 
safety. 

(g) The design may consider the combined strength of 

the patch plate (considering also the strength of the fillet 

weld joints, including joint efficiency) and the underlying 
shell. Consideration may also be given to excess thickness 

available adjacent to the damaged shell using applicable 
code area replacement rules for nozzles. No credit shall be 
taken for material required for future corrosion allow­

ance. 

212-3.2 Internal Pressure Loads 

(a) For cylindrical components subject to internal pres­

sure loads, applied forces on the repair patch shall be 
determined as follows: 

(1) Circumferential Load. Unit forces in hoop direc-

ti on: p 

(1) 

where 
Dm = diameter at mid-wall of component, mm (in.) 
Fep = circumferential force due to internal pressure, 

N/mm (lb/in.) 
P = internal design pressure, MPa (psi) 
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(2) Longitudinal Load. Unit forces in longitudinal di rec-
ti on: 

where 

PDm 
hp = --4 

(2) 

FLP = longitudinal force due to internal pressure, 

N/mm (lb/in.) 

(b) If other loads are applicable (such as bending, 

torsion,  wind, etc .) ,  they shall  be determined and 
added to the pressure load such that 

and 

where 
Fe 

Fco 

Fe = Pep + Feo 

h = hP + ho 

total circumferential force from all loads, N/mm 
(lb/in.) 

circumferential force due to other applicable 

loads, N/mm (lb/in.) 
total longitudinal force from all loads, N/mm 
(lb/in.) 

Fw longitudinal force due to other applicable loads, 
N/mm (lb/in.) 

(c) Appropriate alternative force calculations for 

spherical, torispherical, or ellipsoidal pressure compo­
nents shall be used when applicable. 

212-3.3 Structural Discontinuity Evaluation 

(a) For stresses near a nozzle or other structural 

discontinuity to be insignificant, the minimum distance 
between the fillet welded patch plate and the existing 
discontinuity should be 
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(3) 

where 
Lmin plate setback distance (see Figure 2 1 2 - 1 - 1),  

mm (in.) 
radius at mid-wall of component, mm (in.) 

wall thickness of component, mm (in.) 

Equation (3) applies the setback distance (Rmt) 112 to 

both the existing nozzle (or other similar structural 
discontinuity) and the patch plate. 

This proximity limit also applies to the distance 

between adjacent fillet welded patch plates, in those appli­

cations where more than one is employed on a given 
component. 

(b) In those applications where the patch plate is to 
attach to existing nozzle reinforcement pads, the patch 

plate may be contoured to match the reinforcement 

pad perimeter and welded thereto with a full penetration 
joint. 

(c) In those applications where the damaged shell is 
within Lmin of a nozzle or other structural discontinuity, 
the patch plate should be designed as a reinforcement pad 
extending 360 deg around the nozzle/opening, and 
welded thereto with a full penetration joint. Alternatively, 

additional detailed analysis may be performed to evaluate 
local stresses. 

212-3.4 Allowable Load on Perimeter Fillet Weld 

(a) The perimeter weld shall be sized such that the 
allowable load on the weld exceeds the longitudinal 
and circumferential loads in accordance with eq. (4) . 

Wmin 

�# 
(4) 

where 

E = weld joint efficiency factor (0.55) 
FA allowable force on fillet welds, N/mm (lb/in.); 

FA > Fe and FL 

S0 allowable base metal stress, MPa (psi) 1 

Wmin minimum weld leg dimension, mm (in.) 

NOTE: The maximum design fillet weld size shall not exceed the 
thickness of the thinner material being joined nor 40 mm (1.5 
in.). 

1 Compatible weld metal shall be of equal or greater strength. 
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(b J Alternatively, the perimeter weld edge preparation 
may be beveled to increase the weld's effective throat 

thickness. In no case shall the effective throat exceed 
the nominal thickness of the repair plate or the original 

nominal component thickness. 
(c) In addition, load path eccentricity of the hoop stress 

in the shell plate and patch plate shall be considered. The 

perimeter welds bearing circumferential loads shall be 
sized s1t

_

h

�

a

-

t

�--� 
T/2 t 

O pt i o n a l  bevel  

where 
e = load path eccentricity (T + t)/2 , mm (in.) 

Sw = calculated weld stress, MPa (psi); Sw :5 1.550 
T = wall thickness of patch plate, mm (in.) 

212-3.5 Cold Forming Limits 

(5) 

(a) Carbon and low alloy steel patch plates fabricated 

by cold forming shall not exceed 5% extreme fiber elonga­
tion. The extreme fiber elongation shall be determined as 

follows: 
(1) For double curvature 

where 

75T ( Rj ) -- 1 - - s 5% Rj R0 
(6) 

R1 = final centerline radius of patch plate, mm (in.) 

R0 = original centerline radius of patch plate (equals 
infinity for flat plate), mm (in.) 

T = thickness of the patch plate, mm (in.) 

(2) For single curvature 

50T (
l - Rj ) s 5% Rf Ro 

(7) 

(b) Patches cold formed beyond these limits may be 
used provided they receive appropriate postforming 

stress relief prior to installation. 

212-4 FABRICATION 

(a) Plate edges may be cut to shape and size by mechan­
ical means such as machining, shearing, grinding, or by 

thermal means such as flame or arc cutting. If thermal 
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means are used, a minimum of 1.5 mm (1/16 in.) additional 
material shall be removed by grinding or machining. If the 

repair plate is greater than 25 mm (1 in.) thick, and the 
fillet weld size is less than the plate thickness, the weld 

prep edges shall be examined by magnetic particle (MT) or 
liquid penetrant (PT} methods to check for laminations. 
Laminations shall be cause for rejection unless repaired or 

found acceptable by fitness-for-service analysis in accor­
dance with AP! 5 79-1/ASME FFS-1.  

(b) The patch plate may be formed to the required 

shape by any process that will not unduly impair the 
mechanical properties of the patch plate material .  
Where required due to repair plate size or access/inter­

ference considerations, split sections may be used when 
joined by full penetration welds. 

(c) Parts to be fillet welded shall be fit as tightly as prac­
tical to the surface to be welded and in no event shall be 

separated by more than 5 mm (3!16 in.). If the separation at 
the faying edge of the plate is 1 .5  mm (1/16 in.) or greater, 

the size of the perimeter weld shall be recalculated by 
adding the amount of the separation to the eccentricity, 
e. 

(d) Welding procedures, welders, and welding opera­
tors shall be qualified in accordance with the current re­

quirements of the applicable construction code or post­

construction code. If not otherwise specified, ASME BPVC, 
Section IX may be used for procedure and performance 

qualification. Article 2 10 should be consulted for in­

service welding issues; Article 2 14 should be consulted 

for field heat treating issues. 
(e) Field repair activities should conform to the 

following sequence: 
(1) Paint, scale, rust, liquids and other foreign mate­

rial shall be removed from the weld zone and an area not 

less than 40 mm (11/2 in.) on either side of the weldment. 
(2) In those areas that will be covered by the new 

patch plate, existing shell seam or girth welds should 

be ground flush with the vessel  or p ipe  O . D .  and 
should be examined by the MT or PT method. 

(3) The new patch plate may be placed in position 

using any suitable method. 
( 4 J Any seams within the patch itself should be made 

first. The perimeter weld may then be completed. Clamps 
or wedges may be used to ensure proper joint alignment 

and fit-up. 
(f) Exposed metal surfaces should be recoated, if appli­

cable, after completion of all examination and testing. 

(g) To preclude gas pressure buildup between the 
patch plate and the pressure component boundary, provi­

sions for venting during the final closure weld or, if ap­

plicable, postweld heat treatment, may be necessary. If the 
patch plate is designed for through-wall defects but 

applied to the pressure boundary before being breached, 
the vent should be sealed after completion of welding and, 
if applicable, postweld heat treatment. 
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212-5 EXAMI NATION 

(a) Patch plate attachment welds shall be examined in 

accordance with the applicable construction code or post­
construction code by either the MT or PT methods if not 
temperature limited by the test methods. If not otherwise 

specified by the applicable construction code or post­
construction code, NOE shall be performed using proce­

dures written and qualified in accordance with ASME 

BPVC, Section V. 
(b) If lifting lugs are used and left in place, their attach­

ment welds shall be examined by MT or PT methods. At all 
locations where temporary lifting lugs, welded clamps, 

and/ or wedges are removed after patch plate installation, 
the removal areas shall be examined by MT or PT methods. 

(c) Welds joining sections of patch plates made of sepa­
rate pieces should be surface contoured and volumetri­
cally examined by either radiographic or ultrasonic 

examination methods to the extent possible. If not prac­
ticable, multilayer PT or MT examinations should be 

performed. 

(d) If postweld heat treatment is required, the exam­
ination shall be performed after application of PWHT. 

(e) The examination acceptance criteria of the applica­

ble construction code or post-construction code shall 
apply. 

212-6 TESTING 

(a) Testing shall be performed in accordance with the 
applicable post-construction code. 

(b) The pressure component and installed patch 

plate(s) should be leak tested in accordance with the ap­

plicable post-construction code. Special safety precau­
tions should be taken when pneumatic leak testing is 
performed. 

(c) If permitted by the applicable post-construction 
code, nondestructive examination may be performed as 
an alternative to leak testing. Also, an initial service 

inspection may be performed of all weld joints after 
the pressure component has returned to normal operating 
pressure and temperature, if these were reduced while 

welding was performed. 
(d) Testing and inspections should be performed prior 

to reapplication of coating, insulation, or jacketing, as ap­
plicable. 

212-7 REFERENCES 

The following is a list of publications referenced in this 

Article. Unless otherwise specified, the latest edition shall 
apply. 

AP! 5 79-1/ ASME FFS-1, Fitness-for-Service, June 5, 2007 

Publisher:  American Petroleum Institute (AP!}, 2 0 0  
Massachusetts Avenue NW, Suite 1 100, Washington, 
DC 20001-5571 (www.api.org) 

(22) 
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ASME Boiler and Pressure Vessel Code, Section V - Non­
destructive Examination 

ASME Boiler and Pressure Vessel Code, Section VIII, Divi­
sion 1 - Rules for Construction of Pressure Vessels 
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ASME Boiler and Pressure Vessel Code, Section IX -
Welding, Brazing, and Fusing Qualifications 

Publisher: The American Society of Mechanical Engineers 
(ASME), Two Park Avenue, New York, NY 10016-5990 

( www.asme.org) 
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Article 213 
Th readed or Welded Plug Repairs 

213-1 DESCRIPTION 

This repair method describes restoration of a compo­
nent or system by removing a flaw or defect through the 
drilling or machining of a hole without replacing the 

component material. Leak and pressure tightness is 
achieved by inserting a solid or threaded plug and 
applying a seal weld .  The presence or  removal o f  
defects need not b e  involved. This method may also be 

used to gain access to a component, inside or outside, 

for inspection or other purposes. 

213-2 LIMITATIONS 

213-2.1 General 

Part 1 of this Standard, "Scope, Organization, and 
Intent," contains additional requirements and limitations. 
This Article shall be used in conjunction with Part 1 .  

213-2.2 Repairs 

It is not intended for this Article to be used for routine 
repair of weld defects or for situations where the condition 

can be removed by excavating material and leaving the 
component as is. 

213-2.3 Corrosion 

This repair method generally creates a crevice and is 

therefore not suitable for service environments that 
may be subject to crevice corrosion. 

213-3 DESIGN 

213-3.1 Design Review 

A thorough engineering review of the design shall be 
undertaken to validate the applicability of this method 
for restoring integrity to a component or system. As a 

minimum, the following shall be considered: 
(a) need for seal welding vs. threaded plug 
(b} unreinforced vs. reinforced configurations 

(c) consideration ofuse of gamma plugs used for radio­
graphic inspection 

Figure 213-3.1-1 illustrates a typical plug arrangement. 
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213-3.2 Material Properties 

Plug material should have similar strength, thermal 
expansion properties, and alloy content as the original 

component material. Use of dissimilar materials should 
be avoided unless evaluated and justified in the engi­
neering review. 

213-3.3 Opening Reinforcement 

Reinforcement of the opening shall be designed to 

comply with the applicable construction or post-construc­
tion code. 

213-3.4 Strength Requirements 

Thread size, pitch, engagement, etc. (for threaded 
plugs),  and weld size (for  unthreaded plugs) shall 
provide satisfactory load carrying ability to meet the 

strength requirements of the applicable construction 

or post-construction code. 

213-3.5 Strength and Corrosion Consequences 

Strength and corrosion (crevice, dissimilar materials, 

etc.) consequences should be evaluated with respect to 
using solid versus threaded plugs. The effect of service 

on deteriorated threads versus a pressure-retaining 

weld should be considered. 

213-3.6 Material Removal 

The amount of material that is to be removed, the 

resulting removal area (location, extent, and configura­
tion), and method to restore integrity (smooth plug, 

threaded plug, reinforcement, etc.) shall be addressed 
in the design review. 

213-3. 7 Finish Dimensions 

The finish hole diameter or configuration (after drilling, 

threading, or tapering, etc.) shall be determined by engi­
neering analysis. 

213-4 FABRICATION 

213-4.1 Flaw Location 

The flaw or area of interest shall be located, character­
ized and sized by ultrasonic or other suitable means. 
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213-4.2 Flaw Removal 

The flaw or general area should be removed by drilling 
or machining a circular, through-thickness hole. 

213-4.3 Plug Fabrication 

A plug shall be fabricated in accordance with the design 
specification. 

213-4.4 Lubricants 

Thread lubricant or tape is generally not used with 
threaded plugs in elevated temperature service. 

213-4.5 Plug Insertion 

Insertion (or screw) of the plug shall be verified for fit­
up and/or tightness in accordance with the design spec­

ification. 

213-4.6 Seal or Fillet Welding 

A seal weld or strength fillet weld shall be applied using 

a qualified welding procedure in accordance with the ap­
plicable construction or post-construction code. 

213-5 EXAMI NATION 

213-5.1 Flaw Removal Verification 

Where a hole and subsequent plug are used to eliminate 

a flaw or defect, removal shall be verified as required by 

the applicable construction or post-construction code. 

213-5.2 Surface Examination 

A surface examination shall be performed on the 
completed seal or reinforcing fillet weld in accordance 

with and if required by the applicable construction or 
post-construction code. 
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213-5.3 Documentation 

The inspection, as specified in the governing project 
documents, shall be documented. 

213-6 TESTING 

Leak, tightness, or pressure (hydrostatic or pneumatic) 
testing shall be performed in accordance with and, if 

required, by the applicable construction or post-construc­
tion code. Preservice inspection for leaks during startup 
may be performed as an alternative if permitted by the 
applicable code (see Article 501}.  

213-7 REFERENCES 

The following is a list of publications referenced in this 

Article. Unless otherwise specified, the latest edition shall 
apply. 

ASME Boiler and Pressure Vessel Code, 2007 Edition, 

Section I, Power Boilers 
ASME Boiler and Pressure Vessel Code, 2007 Edition, 

Section VIII, Division 1, Rules for Construction of Pres­

sure Vessels 
ASME Boiler and Pressure Vessel Code, 2007 Edition, 

Section IX, Welding and Brazing Qualifications 

ASME B31 .1-2007, Power Piping 
ASME B31 .3-2006, Process Piping 
Publisher: The American Society of Mechanical Engineers 

(ASME), Two Park Avenue, New York, NY 10016-5990 

( www.asme.org) 

PF! ES- 1 6, Access Holes, Bosses and Plugs for Radio­
graphic Inspection of Pipe Welds 

Publisher: Pipe Fabrication Institute (PF!}, 5901 Coastal 

Hwy #27, Ocean City, MD 2 1 842 
(www.pfi-institute.org) 

(22) 
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Figure 213-3.1-1 
Typical Plug Arrangement 

Min imum two passes 
seal weld 

0.25 i n .  

Outside 
of drum 

I nside 
of drum 

After 0.25 in .  seal  weld  is 
completed, weld cou nterbore 
a m in imum of two passes 

(a) Plug Welded in Position 

+0.000 in .  
Tu be -0.031 in .  

dia .  +0.250 in .  
... .. 

\___ 45 deg approx. 

Cou nterbore 

(b) Plug Arrangement for Tube Holes With Inside Counterbore 

Inside 
of drum 

of drum 

r 45 deg approx. 

I 
+0.000 in .  

Tu be -0.031 in .  
dia. +0. 1 25 in .  J o( > 

Cou nterbore 

(c) Plug Arrangement for Tube Holes Having No Counterbore or 
With Outside Counterbore 

GENERAL NOTE: Use of counterbores (as shown) typically reduces restraint on the seal welds and minimize cracking. 
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Article 214 
Field Heat Treating of Vessels 

214-1 DESCRIPTION 

214-1.1 Introduction 

Heat treating operations in the field are commonly 

performed in relation to repairs and alterations to pres­
sure vessels and on occasion to field fabricated new 
vessels. Without adequate precautions, however, the 

heat treating operation can cause damage to the vessel. 

214-1.2 Scope 

This Article provides guidance to reduce the probability 
of causing damage to the vessel as a result of the heat 

treating operation. 

214-1.3 Application 

This Article applies to field heat treating operations for 
pressure vessels. This heat treating operation can be 
required due to welded repairs or alterations or for 

service environment reasons. It is applicable to postweld 
heat treating operations as well as other heat treating 

operations such as dehydrogenation heat treating. 

214-2 LIMITATIONS 

214-2.1 Additional Requirements 

Part 1 of this Standard, "Scope, Organization, and 

Intent," contains additional requirements and limitations. 
This Article shall be used in conjunction with Part 1.  

214-2.2 Work Location 

This Article shall apply to in-situ field heat treating 

operations. 

214-2.3 Codes and Standards 

The technical requirements for heat treating shall be 
derived from applicable new and post-construction 
codes and standards. Examples include ASME B PVC, 
Section VIII; NB-23;  and AP! 5 10. 
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214-3 DESIGN 

214-3.1 Methods 

Methods of applying heat in a field heat treating process 

include internal or external firing, electric resistance 

heating, and induction heating. Heat treatment of  
vessels can consist of heat treating the entire vessel, 

heat treating a full circumferential band of the vessel, 

or  heat treating a localized area of the vessel without 
heating the entire circumference ("spot" or "bull 's 

eye"). Stress and stability evaluations of the proposed 
heat treatment are dependent on the type of heating 
method employed. Local heating will generally cause 

more thermal stress than heating a circumferential 
band, but can provide the benefit of better structural sta­

bility. 

214-3.1.l Heating Methods. External firing is accom­

plished via burners external to the vessel. Heated air from 

these burners is ducted inside the vessel to accomplish the 
heat treatment. When access permits, internal firing is 
accomplished via burners internal to the vessel that 

provide radiant and convective heat to the area being 

heat treated. Internal insulating bulkheads can be used 
with both external and internal firing to isolate the 
area being heat treated. Electric resistance heating is 

accompl ished through the appl ication of  e lectric 
heating pads to the components being heated. Induction 

heating is carried out by inducing heat into the compo­
nents via electromagnetic devices. Each has specific 
advantages and disadvantages as well as safety considera­

tions. An individual or organization familiar with these 

methods should be consulted to guide the selection of 
a method for a particular application. 

214-3.l.2 Calculations and Acceptance Criteria. 
Guidelines for designing a heat treatment strategy for 
local heat treatments can be found in WRC Bulletin 

452 and AP! 510. These documents provide information 

for the design of the required soak band, heated band, and 

gradient control band. Temperature gradient, band­
widths, and stress and stability evaluations can be calcu­

lated manually or by using linear or nonlinear finite 

element analysis (FEA) techniques. Residual stresses 
may be omitted in these calculations. WRC Bulletin 
452 provides guidelines for acceptable stress levels. 

However, the criteria for selecting and establishing 
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acceptable stress levels should consider the parameters of 
the component and its service environment. 

214-3.2 Thermal Expansion 

All items subject to heat treating operations will be 

subject to thermal expansion. The extent of this expansion 
shall be evaluated and accommodated. Failure to allow for 
thermal expansion can result in damage to the vessel. 
Unless a more detailed analysis is performed, the expan­

sion of carbon and low alloy steels at typical PWHT 

temperature of 650°C (1,200°F) may be estimated as 8 
mm/m (0.1 in./ft). 

214-3.2.1 Local Restraint. Local restraint can be devel­

oped in many ways. Heat treating a spot or "bull's eye" area 
on a vessel rather than a band around the circumference 
will result in stresses being developed within the shell as 

the soak zone and adjoining lower temperature zones 

have different thermal growth. 
Evaluation of this type of heat treatment usually 

requires the use of FEA performed by an engineer experi­
enced in the evaluation of heat treating procedures. The 
gradient from the soak zone of a band to the unheated 

portions of a vessel is also important to evaluate, and 
as a starting point the principles established in WRC 
Bulletin 452 can be used. Another source of local restraint 

could be the proximity of a head to a band around the shell 
that is being heat treated. As the shell expands due to 

thermal growth, the relatively cold head restrains the 

growth. Determining the suitability of a heat treating 
strategy that involves local restraint should be performed 
by engineers experienced in this type of analysis. 

214-3.2.2 Other Restraint. Restraint imposed on an 

expanding vessel from components other than the pres­
sure-retaining components can lead to substantial forces 

and stresses in a vessel that is undergoing heat treatment. 
Avoiding such external restraints can involve temporarily 
loosening or detaching components. In some cases this can 
require cutting and rewelding of structural or other 

components. Stiffening rings, insulation support rings, 
saddles, etc., can require supplemental heating in order 
to maintain a temperature compatible with the shell to 
which they are attached. 

214-3.2.2.1 Structures. Internal and external struc­

tural components that restrict free thermal expansion of 
the vessel should be removed or their connections 
loosened to allow unrestricted thermal growth. Internal 

structural components include vessel internals such as 
catalyst bed support systems, trays, distributors, outlet 
collectors, impingement plates, etc. Welded internal struc­

tures can require individual heating elements and moni­
toring to ensure compatible thermal expansion if they are 
left in place during the heat treatment. External structural 

components include ladders and platforms. Evaluation of 
platforms should include consideration for radial growth 
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of the vessel and connections to adjoining vessels and 
structures. Handrails and midrails on adjoining platforms 

should also be checked to ensure that they do not restrict 
motion of the platforms relative to each other. Ladders 
should be checked to ensure that they are supported 

at only one elevation and guided at others. The nuts at 
the guides should be loose enough to allow for vertical 
movement of the ladder. 

214-3.2.2.2 Saddles. In the case of a horizontal vessel 

on saddles, the baseplate of one saddle typically has 
slotted anchor bolt holes to allow for fitup and thermal 

movement at the vessel 's design temperature. The 

thermal expansion between saddles shall be determined 
and the available slot length checked to ensure that the 

saddle will have sufficient room to move. Note that this 
requires checking the existing location of the anchor bolts 

relative to the edge of the slot, not merely the overall 

l ength of the s lots .  The basep late and structural 
bearing plate should be checked for corrosion to verify 
that they are free to move relative to each other. Thin 
sheets of stainless steel can be placed between the base­
plate and bearing plate in between the anchor bolts. These 
sheets reduce friction to allow easier movement. Finally, 

the nuts on the anchor bolts should be verified to be loose 
enough not to hinder movement. One means of verifying 
this is to tighten the nut until it contacts the top of the 
baseplate, then back the nut off one-half of a turn. 
Another means of allowing for thermal growth is to lift 

one saddle and place rollers (solid rods or small diameter 
pipe) between the saddle and bearing plate. Rollers should 
be placed in locations where they will not roll into the 

anchor bolts. 

214-3.2.2.3 Skirts. In most cases, skirts are long 

enough such that the baseplate is not impacted by the 
t e m p e rature gradient  fro m  the h e at treatment .  
However, for short skirts, free movement should be veri­

fied. Anchor-bolt-to-slot or hole gaps and baseplate-to­
bearing-plate issues similar to that of a sliding saddle 

should be evaluated. For skirt supported vessels, the 
axial thermal gradient at the top can be critical. If the 
skirt is not insulated, the temperature drop can be too 
steep and cause yielding. 

Consideration should be given to add an insulating bulk­
head below the bottom head to introduce a "hot box" 

keeping the top portion of the skirt hot. In such cases, 
the buckling resistance of the skirt should be evaluated. 

214-3.2.2.4 Other Vessel Supports. Some vessels are 

supported by legs, lugs, or other attachments. These 
supports should be evaluated to ensure that they do 

not restrict the thermal growth of the vessel. 

214-3.2.2.5 Piping. Piping is frequently routed along 
vessels. This piping should be checked, and where appro­

priate, flanges or other connections disconnected to avoid 
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the possibility of inhibiting the free thermal growth of the 
vessel. 

214-3.2.2.6 Instrumentation and Electrical. Conduit 

for instrumentation and electrical systems is sometimes 
routed along vessels and associated ladders and plat­
forms. These can hinder the free thermal growth of the 

vessel and as such should be loosened at j unction 
boxes, other terminations, and supports. They should 
be supported at one elevation and guided at others. 

Guide locations should be checked to ensure that they 
allow sufficient motion.  Wiring within the conduit 
often has sufficient slack to allow for growth but this 

should be checked as well. Consideration should be 
given to the temperature that the conduit may achieve 
in relation to the insulation on the wiring inside .  

Conduit that is  relatively close to the heat treated area 
can get hot enough to damage insulation on the wiring. 

Insulation placed between the heat treated area and 
conduit is often sufficient to keep the conduit at tolerable 
temperatures when heat is applied through firing or elec­
tric resistance. Induction heating can heat conduit to 

temperatures sufficient to cause damage to wiring insula­

tion regardless of the presence of thermal insulation 
between the vessel and conduit. 

214-3.2.2.7 Restraint Due to Insulation. Insulation 

sheathing (jacketing) and bands should be loosened up 

to allow for thermal growth. Some bands have spring 
type connectors; these should be verified to have adequate 

room to expand. Riveted or screwed sheathing can require 
that the rivets or screws be removed to allow for unrest­

rained growth. The type of insulation can play a role in this 
evaluation. Flexible insulation such as mineral wool can be 

more forgiving than rigid insulation such as calcium sili­

cate. 

214-3.3 Materials Considerations 

Temperatures achieved during heat treatment of a 

vessel can have detrimental effects on the steel as well 

as other materials utilized in the fabrication and operation 
of the vessel. 

214-3.3.1 Base and Weld Material Degradation. Some 

materials' properties can be degraded with cumulative 

heat treatment exposure. This may be true for base 
metal, weld deposit, or both. A materials engineer or 

specialist should be consulted to verify that the additional 
heat treatment is within limits determined for the vessel. 

214 - 3 . 3 . 1 . 1  T ime  D e p e n d e nt Degradat i o n .  
Performing heat treatment on vessels can require 

special considerations related to heat treatment condi­

tions and thermal gradients in vessels where loss of tough­

ness and ductility can occur after a long time in service. For 
example, hydrogen environments are a common source of 

in-service embrittlement effects. 
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214-3.3.1.2 Effect of Heat Treating on Material Prop­
erties. For some materials, such as high strength carbon 

steels and low alloy steels, the effect of additional heat 
treatment time on the material properties should be eval­

uated. This can require the review of past heat treatments, 
material test reports if available, published literature, and 

the taking of hardness readings on the applicable vessel 

base material and weld material. 

214-3.3.1.3 Creep Strength Enhanced Ferritic Steel. 
Creep Strength Enhanced Ferritic Steels (CSEFS) are par­

ticularly vulnerable to degradation of material properties 
with improper heat treatments. A materials engineer or 

specialist familiar with CSEFS should be consulted to eval­
uate the effects of any proposed heat treatment. 

214-3.3.2 Cladding and Lining. The effect of heat treat­

ment and thermal expansion on lined or clad vessels 
should be considered. A materials engineer or specialist 
should be consulted to verify that sensitization or other 
degradation mechanisms potentially caused by the heat 

treatment will not impact the beneficial effect of the lining 
or cladding. Strip-lined and glass-lined vessels can exhibit 

damage to the lining due to the differential thermal expan­
sion characteristics of the lining and base material. 

214-3.3.3 Fireproofing and Refractory. Fireproofing 

and refractory linings can spall or crack due to the 
thermal growth of the underlying steel. Particular care 

should be given to ensure that no liquid from either 
the process or condensation remains between the shell 

or head and refractory. Repairs to or replacement of fire­
proofing and refractory linings in the vicinity of the soak 
zone or gradient zones should be anticipated. 

214-3.3.4 Insulation. Insulation on vessels subject to 

heat treatment should be verified to ensure that it is 

suitable for and will not degrade at the proposed heat 
treating temperature range. 

214-3.3.5 Coatings. Internal and external coatings are 

frequently applied to vessels. It should be recognized that 

these can degrade at heat treating temperatures. Consid­
eration should be given to the health impacts of any 

gaseous byproducts. In addition, the visual impact of 
smoke is undesirable and can be cause for concern by per­

sonnel not directly involved with the heat treating process 

including members of the public. 

214-3.4 Structural Considerations 

The temperatures necessary for a heat treatment proce­
dure often exceed the design temperature of the vessel. 
Consideration shall be given to the effect of the heat 

treating temperature on the structural strength and sta­
bility of the vessel. 

214-3.4.1 Stability Evaluation.  Evaluation of the 

structural integrity of a vessel undergoing heat treatment 

should include consideration for the deformation of the 
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shell and supports as well as the reduced material proper­

ties at the heat treatment temperature. One source of 

guidance for performing such an evaluation is AP! 579-
1/ ASME FFS- 1 .  Buckling evaluation should include 
consideration for deformed geometry such as a skirt 
that is diametrically expanded at the connection to the 

head but at nominal diameter at the base. Loadings typi­

cally considered include dead weight of the vessel, insula­
tion or refractory, appurtenances such as ladders and 

platforms, piping, etc., as well as wind. In some cases it 

can be beneficial to remove items that contribute to 
the loading. Seismic loadings may be omitted. A wind 

loading that provides some margin against that which 
would be expected for a given location and a given 
time of year should be included in  the evaluation.  

Commonly used wind speeds are in the range of 10  
m/s  to  2 5  m/s  (2 5 mph to  60  mph) .The maximum 

wind speed should be clearly identified in the field proce­
dure along with procedures for reducing the temperature 

if maximum design wind speeds are attained during the 
heat treatment process. 

214-3.4.2 External Support. It is sometimes necessary 

to provide additional support for vessels undergoing heat 
treatment. This can be provided by either connections to 
adjacent structures, vessels, or cranes. 

214-3.4.2.1 Adjacent Structures and Vessels. On 

occasion a vessel subject to field heat treatment may 
be located in the vicinity of structures or other vessels. 

Alternatively, temporary structures can be erected to 

provide support. The suitability of providing support 
to a vessel undergoing heat treatment by rigging to an 

adjacent structure or vessel should be evaluated by engi­
neers familiar with both structures and vessels. This 

evaluation may require a team effort to complete. 

214-3.4.2.2 Cranes. Another means of providing 

external support is to use a crane to provide enough 
tension to reduce the compressive load at the region 
being heat treated to an acceptable level. Care should be 

taken in determining the appropriate load in the crane 
cable .  Note that operating cranes under h igh wind 
speeds can be hazardous and as such they may be of 
little benefit if the vessel's stability is limited by wind. 

Lifting devices such as lugs or other means of attaching 
the cable to the vessel should be designed, or the design 
of existing devices checked, by an engineer .  These 

devices, in particular existing devices, should be inspected 
to ensure that they and their welds are in good condition. 

214-4 FABRICATION 

214-4.1 Heat Treat Contractor's Procedure 

A procedure detailing the proposed heat treating opera­
tion shall be developed by the heat treating contractor. 
This procedure should be reviewed and approved by 
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the owner's engineer prior to the installation of any 
heat treating apparatus. An example procedure providing 

suggested topics of coverage is included in Mandatory 
Appendix 2 14-1 .  

214-4.2 Instrumentation of Heat Treatment 

Heat treatment operations should have sufficient in­
strumentation to record metal temperatures throughout 

the heat treating cycle. Redundant sensors and recording 
devices should be used in order to ensure that the process 
is controlled correctly and that a record of the process is 

retained. These sensors should be of sufficient quantity to 

positively verify that the various zones of heating are 
achieving, but not exceeding their target temperature 
ranges and gradients. Particular attention should be 
given to placing instrumentation in the vicinity of  
nozzles, rings, and other appurtenances that can heat 

up or cool down at a rate different than the adjacent 
shell or head. Care should be taken not to place resis­
tance-welded thermocouples on welds or the heat­
affected zone (HAZ) of welds. Thermocouples or other 

temperature sensors should have calibration records 
current within six months of the heat treatment date. 

214-4.3 Special Considerations (22) 

214-4.3.1 Temperature Gradients. It can be difficult to 

control temperature gradients in thick-walled pressure 

vessels .  Therefore, when developing heat treatment 

procedures, consideration should be given to the applica­
tion of heat inside and outside of the vessel, such that 

potentially harmful through-wall temperature gradients 
are not induced. 

214-4.3.2 I nadvertent Heating.  When induction 

heating is used, additional attention should be given to 

the possibility of inadvertent heating of components, 
such as adjacent ladders, platforms, piping, etc. 

214-4.3.3 Welded Valves. PWHT of welds on socket 
weld (SW) and butt weld (BW) valves should be 

performed in accordance with the valve manufacturer's 
recommendations, such that the valve internals are not 
damaged. 

214-4.3.4 Nearby Components. Instruments, valves, 

and other piping components associated with the item 

being PWHT should be disconnected, disassembled, or 
removed. Instruments, valves, and other components 

that remain in place and assembled during a PWHT opera­
tion may be exposed to temperatures higher than their 

design during the PWHT. When this occurs, the proper 
operation of these components should be verified upon 

completion of the PWHT operation. 
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214-4.3.5 Branch Connections or Nozzles 

214-4.3.5.1 Braced. Braced branch connections or 

nozzles  should be evaluated for suscept ib i l ity to 
damage fro m  PWHT heat ing and cool ing  e ffects 

between the branch, bracing, and connected equipment. 

214-4.3.5.2 External Loads. Branch connections or 

nozzles experiencing external loads from attached piping, 

components, instrumentation, etc., should be evaluated 

for the need of additional support while the PWHT is 
performed. 

214-4.4 Monitoring 

Heat treatment operations should be continuously 

monitored by personnel capable of modifying the heat 
input as necessary to achieve the required temperature 

profiles. 

214-4.5 Record Retention 

A detailed work description of the heat treatment as 

well as temperature recordings (charts) shall be provided 
by the contractor and should be retained in the owner/ 

user's equipment file. The heat treat contractor's proce­
dure referred to in para. 214-4.1 may serve as the record of 

work performed when amended with actual conditions 
and any deviations from the plan clearly noted. This 

record should include the vessel identification, heat 
treat target temperature and tolerances, heat up rate, 

hold (soak) time, and cool down rates. In addition, a sche­

matic illustrating the size and location of the soak zone, 

heat zones, and gradient control zones relative to promi­
nent vessel features such as nozzles, location of heaters, 

thermocouple locations, and other items significant to the 
process should be included. Temperature recordings 

(charts) need not be the original data b ut may b e  

scanned or transcribed into m o r e  readily archived 
formats. 

214-5 EXAMI NATION 

214-5.l Vessel 

Upon completion of heat treatment, the vessel shall be 

checked for damage. This examination shall include a 

visual examination. Other forms of nondestructive exam­
ination may be used to confirm the absence of cracks or 

other damage. Vessel supports should be checked for 
p otential damage, and vertical vesse ls  s hould b e  
checked for plumbness .  In  situ hardness checking 

should be performed to verify that requirements of the 

construction code and/or post-construction codes have 
been achieved. If the vessel has a lining it should be 

checked to verify that its integrity has not been compro­
mised. 

83 

214-5.2 Structures 

Internal structural components should be visually 
checked for damage and to ensure that any installation 

hardware that is required is present. External structural 
connections should be checked as well to ensure that all 
components that were disconnected have been recon­

nected. Care should be given to verifying that these 

components are not re instal led in a manner that 
would restrict the thermal growth of  the vessel  at 

design or operating temperature. For example, ladders 
should be supported at one elevation and guided at 

others; platform and handrail connections to other 

vessels or structures should be free to grow indepen­

dently. 

214-5.3 Piping 

Piping that was disconnected should be checked to 
ensure that it has been reconnected. Flange assembly re­

quirements and recommendations are available in ASME 
PCC-1. 

214-5.4 Instrumentation and Electrical 

Instrumentation and electrical connections should be 

visually checked to ensure that wiring connections are 

sound. This should be followed by a visual check to 
ensure that conduits that were loosened have been recon­

nected and box covers have been closed. 

214-5.5 Insulation 

Insulation should be visually verified not to have 
degraded during the heat treatment process. Sheathing 
(jacketing) and straps should be checked to verify that 

they are sound. Caulking around vessel appurtenances 

such as platform clips and nozzles should be repaired 
to prevent the intrusion ofrain water under the insulation. 

214-6 TESTING 

Testing may be required by the applicable post­
construction code or standard such as NBIC or AP! 

5 10 .  Article 501 of this Standard provides guidelines 
for pressure testing of the vessel and piping. Instrument 

and electrical connections should be tested for continuity 
and proper operation prior to the vessel being returned to 
service. In some cases field heat treated vessels that have 

material toughness requirements should have simulated 
heat treatment coupons or have coupons attached to the 
heat treated vessel section to ensure that specified tough­
ness requirements are achieved after heat treatment. 

Coupons may be made from material from nozzle cut­
outs, cut and welded using a weld procedure representa­

tive of that used on the vessel. 
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Mandatory Appendix 214-1 
Developing a Heat Treatment Procedu re 

The following are topics to be included in developing a 
heat treatment procedure: 

(a) Scope 
(1) purpose [explain why the heat treatment (HT) is 

being performed] 
(2) summary 

(-a) vessel owner 
(-b} vessel identification 

(-c) governing codes and standards 
(-d) material specification( s) 
(-e) thermal process (direct firing, resistance, 

induction, combination, other) 

ance) 
(-f) HT soak temperature range (target and toler-

(-g) HT soak time 
(-h} maximum heating rate 

(-i) maximum cooling rate 
(b) Sketches or drawings 

(1) location(s) of all heating devices relative to 

readily identifiable points on the vessel such as nozzles 
(2) location(s) of all thermocouple(s) relative to 

readily identifiable points on the vessel such as nozzles 

(3) location(s) and details of insulation, bulkheads, 
etc. 

(c) Soak, gradient, and heating bands 
(1) location 

(2) temperature targets and tolerances 
(d) Temperature measurement and control 
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(1) make and model of thermocouples or other 
temperature sensing devices 

(2) calibration procedure and most recent calibra­

tion date of thermocouples or other temperature­
sensing devices 

(3) make and model of controllers and recording 

device 
(e) Heating plan 

(1) target heating and cooling rates with tolerance 
for each section (soak zone, gradient, etc.) 

(2) target hold times with tolerances for each step of 

the process 
(3) contingency plans 

(-a) complete or partial loss of power, gas, etc., 

which impacts heating ability 
(-b} high winds 

(-c) plant emergency 
(f) Stability evaluation 

(g) Required items or support provided by others 

(1) permits 
(2) utilities 
(3) lighting 

(4) shelter 

(5) plot space 
(h) Documents 

(1) safety plan (site/job specific) 

(2) reference documents 
(3) list of documents to be provided to the owner/ 

user at completion of the job 
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Mandatory Appendix 214-1 1  
Typical Hot Box Design 

Figure 2 14-11-1 illustrates a typical hot box design. 
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Figure 214-1 1-1 
Typical Hot Box Design 
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Hot-Box Cavity - this space to be 
left free of i nsu lation and vents 

Typical segmented ring 
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Article 215 
Repair Welding Considerations for Cr-Mo Steel Pressure Vessels 

215-1 DESCRI PTION 

(22) 215-1.1 Scope 

Repair welding considerations in this Article are appli­
cable to pressure vessels for refinery, petrochemical, 

power generation, and other services where the require­
ments of this Article apply. 

215-1.2 Application 

(a) This Article describes weld repair considerations 
for pressure vessels made from Cr-Mo steels .  The 

purpose of this Article is to provide a high-level overview 

of deterioration mechanisms and the subsequent factors 
that need to be considered in developing a detailed repair, 
examination, and testing plan for the successful repair of 
Cr-Mo pressure vessels. 

(b) The Cr-Mo materials listed in Table 2 15-1 .2-1 of 

this Article are susceptible to certain types of damage 

in elevated-temperature service (e.g., see WRC Bulletins 
488, 489, and 490). 

(c) The repair of creep-damaged Cr-Mo steels, creep­
enhanced ferritic steels, vanadium-modified steels, or 

stainless steel cladding or weld overlay are not included 
in this Article. See Article 2 1 1  for information on weld 
overlay and clad restoration; creep will be covered in 
a separate Article in a future edition of this Standard. 

(d) API RP 5 7 1  and API 579- 1/ASME FFS-1 provide 

further information on temper embrittlement and 

other aging effects on the fracture toughness of Cr-Mo 
steels. 

215-1.3 Design Temperature 

The maximum design temperatures of Cr-Mo materials 
are as listed in the applicable codes of construction. 

215-1.4 Applicable Materials 

Typical Cr-Mo materials and their ASME designations 

are indicated in Table 2 1 5-1 .2-1 ; however, equivalent 

international standard materials may also be used. 

215-2 LIMITATIONS 

Part 1 of this Standard contains additional require­
ments. This Article shall be used in conjunction with 

Part 1. 
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215-3 DESIGN 

215-3.1 Feasibility Study of Repair Welding 

(a) The materials listed in Table 2 1 5- 1.2 -1  may be 
repair welded provided an investigation has been 

performed to determine the cause of the damage to be 

repaired and provided appropriate weld repair proce­
dures are used. 

(b) The fo l l owing should  b e  a s s e s s e d  prior  to 

performing repair welding: 
(1) the structural integrity of the pressure vessel 
(2) the feasibility of the repairs 

(3) the suitability of the pressure vessel for the 
intended service after the repairs are completed 

The serviceability or fitness-for-service assessment 
should be based on API 579-1/ASME FFS- 1, as shown 
in Figure 2 15-3.1-1.  

215-3.2 Consideration of In-Service Degradation 

(a) In-service degradation (see Table 2 15-3 .2-1  and 

Figure 215-3 .3-1) shall be considered before developing 
a repair welding procedure. 

(b) Typical considerations for in-service degradation 

for weld repair are shown in Table 2 15-3.2-2 . 
(c) Further information on in-service degradation is 

provided in API RP 5 7 1  and in WRC Bulletins 488,  

489, and 490. 

215-3.3 Examples of Damage 

Figure 2 15-3.3-1 shows examples of damage that can 

occur in Cr-Mo pressure vessels with or without stainless 

steel cladding or weld overlay. The examples are typical of 
high-temperature, high-pressure (HTHP) pressure 

vessels in refining service. 

215-3.4 Development of Weld Repair Procedures 

(a) The selection of weld repair method should be 
based on the reliability of the repaired area considering 
the future operation period, as shown in Figure 2 15-3.4-1.  

(b) Sleeve repair and partial patch repair methods (see 
Table 2 15-3.5-1) are normally applied temporarily and 
are not recommended for periods beyond the next 

upcoming shutdown or outage without appropriate non­

destructive examination (NOE) and applicable fitness-for­
service assessment. 
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215-3.5 Repair Welding Methods Applicable to Cr­
Mo Vessels 

Some applicable repair welding approaches and alter­

natives to postweld heat treatment (PWHT) and the ASME 
PCC-2 Articles in which they are described are listed in 
Table 2 15-3.5-1, along with some additional limitations 

and considerations. 

215-3.6 Welding and Preheat 

When the actual aged condition of the component to be 

repaired cannot be sufficiently evaluated for development 

of a repair welding procedure, a bead-on plate test should 
be used to verify the repair welding procedure. 

NOTE: A bead-on plate test is a type of self-restraint weld test 
used to evaluate the cracking sensitivity of the base materials and 
arc welding consumables. Refer to Kayano et al. and Yamamoto et 
al. (see section 215-7). 

215-4 FABRICATION 

215-4.1 Weld Repair Procedures 

(a) Weld repair procedures may be developed as indi­

cated in Table 2 15-4.1-1.  
(b J The welding procedure specification (WPS) shall be 

qualified in accordance with ASME BPVC, Section IX, as 

applicable, and/or the requirements imposed by the ap­

plicable construction code. 

215-4.2 Preparation for Welding 

(a) For shielded metal arc welding (SMAW), drying of 

electrodes shall be carried out to minimize the potential 
for hydrogen cracking. 

(b} Welding bevel surfaces shall be clean, dry, and free 

of oil, paint, or other contaminants. 

215-4.3 Welding Conditions 

(a) To prevent hardening of welds, weld beads less 

than SO mm (2 in.) in length should be avoided. 
(b} Special precaution shall be taken to guard against 

brittle fracture due to local thermal temperature gradi­

ents. 
(c) For one-s ide repair welding of p ip ing, back 

shielding should be considered for 2 1/4Cr- 1 M o  and 

higher alloy steels. 
(d} The temper bead welding method may be consid­

ered after evaluation in some cases for low alloy welds 

when PWHT will not be carried out. See para. 2 15-4.7. 

215-4.4 Preheating and Post-Heating 

(a) To prevent hardening of welds and cold cracking, 
preheating, post-heating, and dehydrogenation heat treat­

ment (OHT) shall be mandatory unless paras. 2 15-4.S 

through 215-4.7 stipulate otherwise. 
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(b) Typical preheating and welding interpass tempera­
tures are indicated in Table 2 15-4.4-1.  

215-4.5 De-Embrittlement Heat Treatment 

When the materials are severely embrittled, a de­

embrittlement heat treatment operation may be used 
t o  recover  t o u gh n e s s  of mater ia l ,  a s  s h own i n  
Table 215-4.5-1.  

215-4.6 Dehydrogenation Heat Treatment 

The preheat temperature should be maintained until 
PWHT or OHT is performed. When the materials are 

required to cool to ambient temperature after repair 

welding, dehydrogenation heating shall be carried out 
at a minimum of 300°C (570°F) for a minimum of 1 h, 
or for a duration to be agreed upon between the purchaser 

and fabricator, to prevent cold cracking. 

215-4. 7 Postweld Heat Treatment 

(a) PWHT should be performed when required per ap­

plicable construction codes or standards. 
(b) Temper bead and other welding methods as 

detailed in Article 209 may be applicable to some low­
chrome steels when corresponding WPSs or procedure 

qualification records (PQRs) are developed specifically 
for the welding repair considering welding position 

and welding circumstances. 
(c) Temper bead methods are usually not appropriate 

for 2 %C r- 1 Mo and higher-chrome materials used for 

hydrogen service because of the high weld-metal and 
heat-affected zone (HAZ) hardnesses generated by the 
welding process. 

(d} In case of local PWHT, the PWHT procedure devel­

oped shall include the arrangement of thermocouples and 

insulation to minimize the thermal stresses generated 
during the PWHT operation. AWS 0 1 0 . 1 0  and WRC 

Bulletin 452 provide guidelines for developing a PWHT 

plan with specific band widths (soak band, heated 
band, and gradient control  band) to ensure that 

thermal gradients are not harmful. 

215-5 EXAMI NATION 

(a) NOE, as indicated in Table 2 1 5-4. 1 - 1, shall  be 
considered at each appropriate step of repair welding 

work. The appropriate NOE procedure(s) for the applica­
ble repair shall be selected to meet the requirements of the 
applicable construction code and to provide the level of 

examination necessary for the repair. 
(b} NOE procedures shall be in accordance with ASME 

BPVC, Section V and applicable construction codes and 

standards. 
(c) NOE before repair welding of pressure boundary 

shall include the following: 
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(1) The entire area of the pressure vessel that is to be 

repair welded shall be examined by means of visual ex­

amination (VT) or other NDE methods as may be appli­
cable to ensure thatthe area is free of any defect harmful to 
the repair operation, which may include welding, PWHT, 

and pressure testing. 

(2) The need for carrying out pressure testing after 

repairs as well as the pressure used in pressure testing 
shall be evaluated in consideration of service conditions. 

(d) NDE after weld repair and after pressure test shall 
include the following: 

(1) Complete NDE shall be performed in an area that 

is at least the maximum of either 2 T, where T is the thick­
ness of material, or 100 mm ( 4 in.) from the edge of the 
repair-welded, preheated, or postweld heat-treated area, 

to ensure the area is free of defects. 
(2) NDE of the area described in (1) shall also be 

performed after any pressure test is carried out. 
(e) Acoustic emission testing may also be an effective 

means of examination following completion of repairs. 

(f) Where possible, in-service NDE monitoring during 

operation is recommended for the repaired areas. 
(g) In some instances, NDE may be used in lieu of pres­

sure testing for repairs. Refer to Article 502 . 

(h) Follow-up NDE after the pressure vessel is returned 
to service shall be performed based on fitness-for-service 
assessment requirements or applicable international 

surveys industry (!SI) codes. 

215-6 PRESSURE TESTING 

(a) The requirement for the applicability of a pressure 
test subsequent to weld repairs shall be evaluated. 

(b J If a pressure test is determined to be required after 

the repair welding of pressure-bearing parts is completed, 
the pressure vessel or vessel part should be pressure 

tested in accordance with the requirements of the appli­
cable construction code. If the applicable construction 

c o d e  h a s  no s u c h  p r e s s u r e  t e s t  r e q u i r e m e nts ,  
Article 501 should be followed. 

(c) The pressure  test, when requ ired ,  shal l  b e  

performed a t  a temperature higher than the fracture 
appearance transition temperature (FATT) and at or 

above the minimum temperature specified by the appli­

cable construction code, to prevent brittle fracture during 

the pressure test. 
( d) The toughness value of degraded materials shall be 

evaluated based on accumulated material database or 
samples obtained from vessel parts. 

(e) For pressure vessels that operate in hydrogen 

service and are to be hydrotested, the hydrotest pressure 
shall be evaluated in consideration of hydrogen service 

conditions and shall be no higher than the vessel operating 
pressure. 

(f) When a pressure test is to be carried out, considera­

tion shall be given to the pressure train that the pressure 
vessel is located in, the possibility of isolation of compo-
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nents within that train, and the need for pressure testing 
the entire train. 

215-7 REFERENCES (22) 
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3Cr-1Mo 
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Table 215-1.2-1 
Cr-Mo Steels Applicable to This Article 

Plates 

SA-387-12, Cl. 1 and Cl. 2 

SA-387-11, Cl. 1 and Cl. 2 

SA-387-22, Cl. 1 and Cl. 2 

SA-542-B, Cl. 4 

SA-387-21, Cl. 1 and Cl. 2 

SA-387-5, Cl. 1 and Cl. 2 

ASME Designation 

Forgings 

SA-182-F12 

SA-336-F12 

SA-182-Fll 

SA-336-Fll 

SA-182-F22, Cl .  1 and Cl .  3 

SA-336-F22, Cl. 1 and Cl. 3 

SA-541-F22, Cl. 3 

SA-182-F2 1 

SA-336-F21, Cl. 1 and Cl. 3 

SA-182-F5 

SA-182-F9 

SA-336-F9 
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Vessel Piping Components 

SA-335-P12 

SA-335-Pll 

SA-335-P22 

SA-335-P21 

SA-335-P5 

SA-335-P9 
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Figure 215-3.1-1 
Standard Steps in Repair Welding 
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• Periodic inspection 
• Emergency trou ble 

• Damage conditions 
• Cause of damage 
• Fitness-for-service assessment 

No-I Continued use 

• Consider other repair methods 
No- • Replace 
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• Weld repai r  
• Weld overlay 
• PWHT 
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Table 215-3.2-1 
Typical In-Service Degradation 

Applicable Operating 
Type of Damage Conditions 

Temper embrittlement 370°c-sso0c 
[Note (1)] (700°F-l,080°F) 

Creep embrittlement Over 454°C (850°F) and 
with applied load 

Hydrogen attack HTHP hydrogen 
environment 

Hydrogen embrittlement HTHP hydrogen environment, 
and start-up and 
shutdown conditions 

Thermal fatigue Large temperature gradients 
during operation, and 
start-up and shutdown 
conditions 

GENERAL NOTE: 
HAZ heat-affected zone 

HTHP = high temperature, high pressure 

NOTES: 

Degradation Phenomena Typical Susceptible Materials 

Toughness degradation in base metal 1Cr-1/2Mo 
and welds through the intergranular 11/4Cr-0.5Mo 
microsegregation of impurity elements 21/4Cr-1Mo 
as measured by the J factor for 3Cr-1Mo 
21/4Cr and higher Cr base metals, and the SCr-lMo 
X bar factor for weld metals and for 
lCr and l Y4Cr base and weld metals 

Carbide precipitation and crack initiation 1Cr-1/2Mo 
in the coarse grain HAZ of a localized 11/4Cr-'!2Mo 
stressed area such as at a nozzle 
attachment weld 

Generation of methane bubbles, Low-Cr materials in high-hydrogen, 
blisters, and cracks [Note (2)] partial-pressure environment 

Toughness degradation by hydrogen 1Cr-Y2Mo 
absorption 11/4Cr-1/2Mo 

21/4Cr-1Mo 
3Cr-1Mo 

Fracture crack propagation All materials 

(1) Embrittlement manifests at lower temperatures during start-up and shutdown. 
(2) See APl RP 941. 

Table 215-3.2-2 
Typical Considerations for Weld Repair of In-Service Degradation 

Type of Damage Main Concerns 

Temper embrittlement Low toughness at start-up and shutdown 
Operating temperature limits 
Weldability 

Creep embrittlement Detection by NOE 
Flaw removal 

Hydrogen attack Detection by NOE 
Flaw removal 

Hydrogen embrittlement Toughness at operating temp 
Weldability 

GENERAL NOTE: NOE = nondestructive examination 

NOTES: 
(1) Table includes prevention/mitigation for repair and/or replacement. 
(2) Refer to APl RP 941, Nelson chart. 
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Repair Considerations [Note (1)] 

De-embrittled heat treatment above 600°C (1,100°F), then 
rapid cooling 

Use of welding materials with low impurity levels 

Elimination of stress riser, and higher-Cr material selection 

Higher-Cr material selection [Note (2)] 
Stainless steel weld overlay cladding 

Dehydrogenation heat treatment above 300°C (570°F), 
1 h min. 

Low-hydrogen welding process 
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Figure 215-3.3-1 
Examples of Damage Common to Cr-Mo Pressure Vessels 
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Figure 215-3.4-1 
Flowchart for the Selection of Repair Welding Methods 
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Repairs to 
next sh utdown 

Detection of defects 

Assessment of fa i l u re cause 

Determi nation of course of action 

Repair 

Repair approach 

Replace 

Repairs beyond 
next shutdown 

Sleeve repair  
weld ing 

Partial patch 
repair welding 

Flaw excavation 
and weld 

restoration 

Butt-welded 
i nsert plates 

Types of Repair 

Sleeve repair 

Overlay welding and/or internal weld 
metal buildup 

Butt-welded insert plates 

Alternatives to PWHT 

Alternatives to traditional welding 
preheat 

Table 215-3.5-1 
Repair Methods Applicable to Cr-Mo Vessels 

Article 206 

Article 2 1 1  

Article 2 0 1  

Article 209 

Article 208 

Relevant Article 
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Additional Considerations 

Replacement with Type 8 sleeve at the first 
available opportunity is recommended 

In case of corrosion metal loss, welding 
materials shall be selected considering 
cause of corrosion 

Thickness of insert plate shall generally not be 
thicker than shell or head 

Refer to para. 21 5-4.7 
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Table 215-4.1-1 
Repair Approach Sequence 

Sequence Procedure Remarks 

1. Identification of flaws 
[Note (1)] 

VT for identification of dimension and location, followed by 
NOE (PT, MT, and UT) 

2. Removal of flaws Grinding or gouging 

3. Examination of groove MT or PT 

4. Repair welding Preheating [Note (2)] 

Weld repair 
- See Table 215-3.2-1 
- Materials: Use equivalent or better grade of materials 

than those used during the original shop fabrication 
- Process: GTAW, SMAW, or FCAW 
Post-heating by burner, electric resistance, or induction 

heating 
Surface finishing by grinding 

5. Examination MT, PT, UT, and RT 

6. Local PWHT As required by applicable codes [Note ( 4)] 

7. Examination MT, PT, and hardness checks 

8. Pressure test As required by applicable codes 

GENERAL NOTE: 
FCAW = flux-cored arc welding 
GTAW = gas tungsten arc welding 

MT = magnetic particle testing 
PQR = procedure qualification record 

PT penetrant testing 
PWHT = postweld heat treatment 

RT = radiography 
SMAW = shielded metal arc welding 

UT ultrasonic testing 
VT = visual examination 

WPS = weld procedure specification 

NOTES: 
(1) Identify flaw size, distribution, location, and depth. 
(2) Preheating is mandatory for Cr-Mo steels. 
(3) See Article 208. 
(4) See WRC Bulletin 452 for additional guidelines. 

Table 215-4.4-1 

Finish grinding is required 

Ensure complete removal of defects 

Temperature shall be measured on both 
sides at the preheated area [Note (3)] 

- WPS or PQR is required 
- Low-hydrogen type materials shall be used 

for SMAW and FCAW processes 
- lnterpass temperature and heat input shall 

be controlled 
For the prevention of cold cracking 
For the removal of stress risers 

Examination shall include neighboring areas 
outside of the repairs 

It may be necessary to guard against harmful 
thermal gradients 

Recheck for defects 

Heat pressure-retaining material before 
and during pressurization to prevent 
brittle fracture 

Typical Preheat and lnterpass Temperatures 

Steel 

1Cr-1/2Mo, l 1/4Cr-1/2Mo 

21;.cr-lMo 

21/.Cr-lMo 

3Cr-1Mo 

5Cr-1/2Mo, 9Cr-1Mo 

P-No./Group 

4-1 

5A-1 

5C-1 

5A-1 

58-1 

Minimum Preheating Maximum Interpass 
Temperature, °C (°F) Temperature, °C (°F) 

120 (250) 300 (600) 

150 (300) 300 (600) 

177 (350) 300 (600) 

150 (300) 300 (600) 

200 (390) 300 (600) 
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Type of Degradation 

Hydrogen attack 
Creep embrittlement 
Temper embrittlement 
Hydrogen embrittlement 

ASME PCC-2-2022 

Table 215-4.5-1 
De-Embrittlement Heat Treatment 

Materials and Services to Be Considered 

All Cr-Mo steels at HTHP hydrogen services 
1Cr-1/2Mo, 11/4Cr-YzMo at over 480°C (900°F) 
2%Cr-1Mo, 3Cr-1Mo at 370°C to 580°C (700°F to 1,080°F) 
2%Cr-1Mo, 3Cr-1Mo at high-temperature hydrogen services 
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De-Embrittlement 

Not applicable due to irreversible phenomena 
Not applicable due to irreversible phenomena 
Heating at not less than 600°C (1,120°F) 
Dehydrogenation shutdown operation or heat 

treatment at not less than 300°C (570°F) 
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Article 216 
Welded Hot Taps in  Pressure Equipment or Pipelines 

216-1 DESCRIPTION 

(a) This Article provides requirements for design and 
installation of fittings by welding on equipment while in 
service (in-service welding). 

(b) This Article may be used in conjunction with 

owner/user requirements and with other relevant docu­
ments pertaining to safe hot tapping practices. 

(c) This Article may be used in conjunction with 

Article 2 10 on in-service welding. 

216-1.1 Hot Tapping Connections 

(a) Hot tapping is used to install a branch connection 
into piping, pipelines, pressure vessels or other pressure 

equipment, and storage tanks while that equipment is in 

service. 
(b} Hot tapping involves hot work, including welding 

on the surface of a pressure vessel, pipe, or tank while in 

service, and cutting through the pressure containment 

wall material. 
(c) Jn-service hot tapping requires special considera­

tions for 

(1) safety 
(2) planning with competent personnel and appro-

priate procedures 
(3) the type of fluids 

(4) pressure and temperature while in service 

(5) the use of proper equipment 
(6) testing 

(7) examination 

216-1.2 Hot Tap Drilling Machine 

(a) The drilling machine generally consists of a 

mechanically driven telescoping boring bar that controls 
a cutting tool; the cutting tool consists of a hole saw 
(cutter), pilot drill, or both (see Figure 2 16-1 .2-1 ) .  

(b} The drill bit is used to bore a pilot hole into the 
vessel, pipe, or tank wall in order to center a hole saw 

that cuts out the "coupon" or a curved section of the 
vessel or pipeline wall. 

(c) The cutting tool or drill bit also incorporates a 
device to "catch" the coupon and to ensure its removal 

from the pipeline, vessel, or tank 
(d) Small diameter taps sometimes employ a drill bit 

rather than a hole saw. 
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(e) Jn selecting a suitable drilling machine to perform 
the hot tap, consideration shall be given to 

(1) the system operating pressures and tempera­
tures during the performance of the hot tap 

(2) the wall thickness of the pipe, vessel, or tank to be 
cut through 

(3) the wall material of pipe, vessel, or tank 
(4) the size of the hot tap to be made 
(5) the location of the hot tap and clearances avail­

able 
(f) The dri l l ing machine shou ld  be thoroughly 

inspected before being operated to ensure that the critical 

parts of the machine are not worn to the extent that they 
might fail during the hot tapping operation. 

216-1.3 Hot Tapping Activities 

216-1.3.1 Hot Tap Construction Activities. Hot tap 
d e s ign,  fab ricat ion,  testing, and i nstal lat ion is a 

multidisciplinary activity. Hot tap personnel should be 

experienced and have knowledge of the construction 
codes, the activities involved during the execution of 

hot taps, and recommended safe practices (e.g., API RP 
2201, API RP 2009). 

216-1.3.2 Key Hot Tap Activities. The following lists 
some activities that are not specifically addressed in 

detail in this Article, but can be important in the successful 

execution of hot taps: 
(a) review of system details, including fluid composi­

tions, pressures, temperatures, and flow rates of the 
system to be hot tapped. This includes normal operating 
conditions as well as specific conditions during the hot 

tapping procedure. 
(b) p re paration of hot tap mechanical  design 

drawing(s) and validation of the characteristics of 
the materials for long-term conditions and short­
term hot tap installation conditions. 

(c) process surveillance that ensures process operating 

variables, such as flow rates, are within the hot tapping 

limitations while the hot tap operation is being executed. 
(d} review of prior and new ultrasonic thickness 

measurements and defects in the area to be hot tapped. 
Hot tapping shall be approved by the owner prior to any 

field work on the pressure equipment and shall follow a 
written procedure that is approved by the owner. 



Figure 216-1.2-1 
Typical Hot Tapping Setup 
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GENERAL NOTE: This figure is courtesy of TDW. 
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216-2 LIMITATIONS 

216-2.1 Additional Requirements 

Part 1 of this Standard contains additional require­

ments and l imitations. This Article shall be used in 
conjunction with Part 1.  

216-2.2 Nonwelded Fittings 

This Article does not address fittings that are attached to 
the vessel or piping while in service by methods other than 
welding, such as bolted-on fittings or fiber-reinforced 

polymer-filled fittings. 

216-2.3 Welding Concerns 

For limitations associated with in-service welding, see 
Article 2 1 0. 

216-2.4 Conditions and Applications for Which Hot 
Tapping Is Not Recommended 

Hot tapping should not be used for the following con­

ditions and applications. The list below is not all inclusive; 
there may be additional applications for which hot tapping 
poses unacceptable risks. 

(a) vapor/air or vapor/oxygen mixtures within their 
flammable explosive range 

(b} oxygen or oxygen-enriched atmospheres 
(c) temperature-sensitive, chemically reactive mate­

rials 

(d} Mone! piping handling sulfur compounds 

(e) stainless steel piping containing potassium carbo­
nate solutions 

(/) pressure equipment that does not meet the impact 
test requirements of the applicable construction code at 
the operating temperature 

(g) hydrogen service, unless an appropriate engi­

neering review has been performed to permit welding 
on such equipment 

(1) The metal temperature from the service environ­
ment during the hot tap operation shall be below the ap­

plicable curve in API RP 941, Figure 1 to avoid hydrogen 

damage at elevated temperature. 
(2) Welding should not be done on carbon steel 

equipment in-service containing hydrogen at operating 
temperatures above 200°C ( 400°F). 

(h) material requiring PWHT after hot tap welding and 

where alternative welding methods are not acceptable 

216-2.5 Conditions for Which Hot Tapping 
Requires Special Precautions 

Hot taps shall be performed under the following con­
ditions only if appropriate precautions are taken. The 

precautions shall be specific to the condition and devel­

oped with input from appropriate subject matter experts: 
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(a) on liquid-filled piping, vessels, or tanks with no 
flow. In such cases, the fluid system should be evaluated 
to determine if a vent system is required to allow the 
egress of any vapors generated during the hot tapping 
process. 

(b} on a vapor line that contains an explosive mixture. 
(c) on equipment operating in the creep range. 
(d} on equipment for which the operating pressure is 

less than atmospheric. For equipment containing flam­
mable or combustible liquids and operating below atmo­
spheric pressure, special requirements should be made to 
prevent air from entering the process. Air leak into the 
process could create a flammable or combustible mixture. 

(e) on equipment subject to in-service conditions that 
can cause degradation of the equipment. 

NOTE: Stainless steel equipment that is susceptible to chloride 
stress corrosion cracking should be examined prior to hot 
tapping to ensure that pre-existing cracking is not present. 

(f) on equipment subject to in-service conditions that 
can produce carburization, nitriding, or other forms of 
embrittlement in the material to be welded. Such condi­
tions require that the welding procedure be evaluated 
with respect to process-side metal temperature to deter­
mine the potential for embrittlement. The embrittled 
material should be evaluated for weldability and suit­
ability for continued operation and the test condition. 

(g) on pressure containments with concrete or refrac­
tory linings. In such cases, the potential for lining detach­
ment and subsequent flow blockage, hot spots, or erosion 
should be evaluated. 

(h} on compressed-air and other compressed-gas 
systems. 

(i) on piping fittings and valves. 
(j) on vessels, piping, or tanks that are in sour service or 

amine service, that transport or store caustics or acids, or 
that are in use in other aggressive environments. 

(k) on equipment for use with any hydrocarbons (e.g., 
ethylene, ethylene oxide, propylene oxide, acetonitrile 
acetylene) that can experience exothermic decomposition 
due to high temperatures caused by welding. 

(/) on pipe or equipment that is clad, overlaid, lined, or 
internally coated. 

216-2.6 Additional Requirements 

The need for PWHT should be evaluated on an individ­
ual basis. Consideration should be given to the following 
alternative methods: 

(a) For ferritic steel piping where PWHT is required for 
hardness concerns, it is possible to demonstrate the nec­
essary hardness limit by mock-up. In such cases, hot taps 
may be performed, provided the demonstrated test con­
ditions and procedures are followed. 

(b) For ferritic steel piping where PWHT is required for 
residual stress concerns, it is possible to develop and 
implement weld bead sequences that produce compres-
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sive stresses on  the pipe inner diameter. This approach 
should only be considered after a complete review of the 
proposed hot tap is performed by an engineer knowledge­
able and experienced in pressure vessel or piping design, 
welding, and construction. 

(c) Controlled deposition techniques in lieu of PWHT, 
such as described in Article 209, NB-23 Part 3, or in AP! 
510  or AP! 570, as applicable, and in ASME Section IX, QW-
2 90. 

( d} For air-hardenable steels (e.g., 1 1/4Cr-1/2Mo, 2%Cr-
1Mo, 5Cr-1;2Mo), where PWHT is required by the appli­
cable construction code or for service considerations, hot 
tapping may be performed if the metal temperature is 
maintained at or above the preheat temperatures 
listed in the applicable codes and standards. In such 
cases, the minimum preheat temperature should be main­
tained from the time of the hot tap until the next shutdown, 
at which time PWHT of the connection should be 
performed prior to recommissioning the line. 

216-2.7 Additional Requirements 

Hot taps should not be performed on vessels or piping 
that are subject to external pressure as a design require­
ment unless consideration is given to the effects of distor­
tion from fabrication, including welding, on the buckling 
strength of the vessel or pipe. 

216-3 DESIGN 

216-3.l Hot Tap Checklist 

(a) The organization performing the hot tap should 
prepare a checklist of all the considerations that need 
to be evaluated and satisfied prior to the start of the 
hot tap. 

(b) The checklist should include the considerations 
listed in AP! RP 2201, Appendix A, Table 1. 

216-3.2 Hot Tap Fittings 

216-3.2.l Pressure Vessel and Tank Fittings. Hot 
tapping connections in pressure vessels and storage 
tanks typically are nozzles with or without reinforcing 
plates. 

216-3.2.2 Pressure Piping Fittings 

(a) Connections to pressure piping may be of the 
following types: 

(1) pipe necks with or without reinforcing plates 
(2) integrally reinforced branch outlet fittings as 

shown in MSS-SP-97 
(3) split tees designed for the specified design pres­

sure at the specified design temperature 
(b} The connections and attachment welds should also 

be able to resist the loads and bending moments acting on 
the pipe. 
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(c) Consideration should be given to possible acceler­
ated corrosion in split tees and full encirclement reinforce­
ment due to the gap between the split tee and pipe wall. 

216-3.3 Branch Design Requirements 

[a) Hot taps installed in pressure vessels, storage tanks, 
or piping systems shall meet the requirements (including 
nozzle re inforcement requirements) of the original 
construction code or the applicable post-construction 
code, and the owner requirements. 

(b) Hot taps shall be designed for the specified vessel, 
tank, or piping design pressure and temperature and other 
equipment loads. Piping flexibility analysis should be 
performed on connecting p ip ing to determine the 
piping loads acting on hot tap fittings. 

[c) Hot tap fittings and reinforcement should be of the 
same nominal chemical composition as the vessel, tank, 
pipe, or branch material. 

(d) The hot-tapped connection attachment welds 
should be full penetration welds. 

(e) A 6-mm c1kin.) NPTventhole should be provided in 
reinforcement pads and plugged with grease after all hot 
tapping operations are completed. 

(f) Hot taps NPS 2 and smaller should be self-reinfor­
cing seamless nozzle, CL-6000 coupling, or welded-on 
fitting. 

[g) Gussets shall not be used for nozzle reinforcement. 
Gussets shall only be used to brace small bore connections 
when necessary. 

(h) Vents and drains used on hot tap connections for 
purging and testing shall be positioned at high and low 
points. 

{i) The diameter of a set-on-branch should be at least 
one nominal pipe size smaller than the diameter of the run 
pipe. In some cases, such as with line stop, a size-on-size 
branch is required. Special care should be taken for these 
hot taps to avoid the potential of the cutter inadvertently 
cutting into or through the run pipe. 

216-3.4 Full Encirclement Sleeves Design 
Requirements 

[a) Hot taps should use a full encirclement sleeve when 
the ratio of the diameters of the branch connection to the 
run pipe connection is greater than 0.7. 

(b) Hot taps using full encirclement sleeves should be 
fabricated in two half sleeves. The longitudinal weld seams 
should be positioned 90 deg away from the penetration. 

[c) Longitudinal weld seams shall be joined by a full 
penetration groove weld designed to prevent welding 
directly to the run pipe by using a backing strip or by 
chamfering the back side of the weld preparation. A 
backing strip shall be used for longitudinal seams in 
split sleeves. 

102 

{d) The full encirclement sleeve shall be continuously 
fillet welded at both ends of the run pipe. All weld sizes 
shall be adequate for the applied loads and shall be in 
accordance with the applicable construction code (see 
para. 206-3.5) .  

(e) Longitudinal welds that will be covered by a full 
encirclement sleeve or reinforcing pad shall be ground 
flush for the full length of the hot tap fitting plus 3 in. 
(75 mm) on either side of the sleeve or the pad plate. 

216-3.5 Hot Tap Length and Size 

(a) Hot tap nozzle shall have sufficient length and size 
for the hot tap equipment to ensure a complete cut. 

(b J Hot tap nozzle shall have sufficient length to permit 
removal of flange bolts. 

216-3.6 Hot Tap Location 

[a) Hot taps maybe performed in any position, or at any 
angle around the pressure equipment, as long as there is 
sufficient room to perform the tap and install the fitting, 
valve, and drilling machine. 

{b) Hot taps should not be located on welded joints. 
Where installation on an existing weld seam cannot be 
a v o i d e d , e x a m i n a t i o n  i n  a c c o r d a n c e  w i t h  
para. 2 16-5. 1 .3  shall b e  completed before the hot tap 
installation. 

[c) Hot taps should be located 
(1) away from the weld seam (weld toe to weld toe) 

by the lesser of the following lengths: 
(-a) 150 mm (6 in.) 
(-b J 8 times the wall thickness, t, of the header or 

pressure equipment 
(2) at least sJRt from flanges, small bore connec­

tions, and riveted joints, where R is the inside radius 
of the pressure equipment at the location of the hot 
tap, and t is the measured wall thickness. 

The spacing between adjacent fittings listed in the ap­
plicable design code for adjacent connections should be 
maintained. This can lead to larger separation between 
adjacent connections. 

[ d) If it is not possible to locate the hot tap away from a 
welded seam, then it should be centered on the weld seam 
(see para. 216-5.1.3) . 

216-3.7 Hot Tap Orientation 

[a) Hot tap branch connections should be perpendic­
ular (90 deg) to the vessel or tank axis, or to run pipe. 

(b J Hot tap connections made to an angle other than 90 
deg to the axis of the vessel or tank, or to run pipe, should 
be used only where other connections are not possible. 
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216-3.8 Coupon Retention and Contamination 
During Hot Tapping 

216-3.8.1 Hot Taps Located on Top of Pipe 

(a) Hot tapping from the top side of the pipe has the 
highest probability of loss of the coupon and contamina­
tion. An acceptable method of coupon retention shall be 
used with consideration given to product flow. 

(b) Consideration should also be given to the contam­
ination of the pipe with metal shavings that fall into the 
pipe and which can damage downstream equipment. 

216-3.8.2 Hot Taps in Horizontal Position 

(a) When choosing an angle at or below the horizontal 
position, the designer should consider the tendency of the 
shavings or chips (from cutout) to fall into the block valve 
affecting the operation and sealing of the block valve. 
Selection of an appropriate block valve can mitigate 
the adverse effect of shavings or chips. 

(b J When tapping in the horizontal direction where the 
machine is parallel to the ground, the valve should be 
inverted, with the valve stem pointing to the ground, 
to minimize the possibility of shavings or chips preventing 
the valve from seating properly. Such hot taps generally 
should be considered temporary until the valve is righted. 

216-3.8.3 Hot Taps in Bottom Side of Pipe 

(a) Tapping from the bottom side has the lowest prob­
ability of losing the coupon. 

(b} There should be sufficient void space under the 
valve to allow for the cuttings to fall and to retract the 
cutting head through the valve. 

216-3.9 Hot Tap Valve 

(a) The hot tap valve should be full port API 600, or 
equivalent valve with a pressure rating not less than 
that of the run pipe and the branch pipe. 

(1) The valve should match the highest flange rating 
of the run pipe and the branch pipe. 

(2) The valve should also meet the piping material 
specification and grade for the more severe of the run pipe 
and the branch pipe. 

(b} The hot tap valve packing shall be compatible with 
the process service conditions. 

(c) The hot tap drill diameter shall not interfere with 
valve seat rings. 

(d) The inside diameter of the hot tap valve shall 
provide sufficient clearance for the outside diameter of 
the cutter. There should be at least 3 mm (1/s in.) clearance. 
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(e) The gasket between the hot tap machine and the 
valve should not project into the flow path such that it 
interferes with the cutter. If a spiral-wound gasket is 
used, the gasket shall have an inner ring. 

NOTE:  There have been incidents involving spiral-wound 
gaskets without an inner ring where the cutter has caught 
the innermost winding of the gasket and caused the gasket 
to unravel. This has resulted in a gasket failure and release 
of the piping contents. 

216-3.10 Flow Rate and Minimum Liquid Level in  
Pressure Equipment for Hot Tap 

(a) Procedures should be developed to ensure that 
there is adequate flow or liquid head in pressure equip­
ment during welding. 

(b) An appropriate fluid flow rate should be maintained 
in the pressure equipment that is being hot tapped to mini­
mize the risk of overheating the liquids. A minimum flow 
rate should be 0.4 m/s (1 .3 ft/sec) for liquid and gas. 

(c) For liquids, consideration should also be given to a 
maximum flow during welding to minimize the risk of high 
hardness in the heat-affected zone due to fast cooling rate. 
The maximum flow rate depends on the process tempera­
ture. The user should perform thermal modeling or rely on 
established procedures, proven through successful prac­
tice, to determine the appropriate maximum flow rate. 
There generally is no restriction on maximum flow 
rate for gas lines. 

(d) The flow rate during the cutting operation shall be 
maintained within the recommended limits of the hot tap 
equipment. 

( e) The liquid level in the vessels and tanks that have no 
flow should be maintained at least 1 m (3 ft) above the hot 
tap location. 

NOTE: Insufficient liquid height or flow can result in flammable 
mixture during the welding operation 

(f] If there is no flow, or if there is insufficient liquid 
level above the hot tap, consideration shall be given to the 
effect of overheating the process liquids. 

216-3.11 Wall Thickness to Prevent Burn-Through 
During Welding 

(a) Consideration shall be given to heat input, wall 
thickness, depth of weld penetration, and operating con­
ditions when determining burn-through risk. The prob­
abi l i ty of burn-through increases  when welding 
components are less than 6.4-mm (%-in.) thick. To mini­
mize the risk of burn-thorough for such welding compo­
nents, the first pass should be made with 2.4 mm (%2 in.) 
or smaller diameter electrodes. 

(b) The minimum pressure equipment wall thickness 
for hot taps should be 

(1) 4.8 mm (3/i6 in.) for set-on-type fittings used for 
hot tap connections 
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(2) 4 mm (%2 in.) for forged pressure retention tee­
type connections 

(c) Welding of hot tap fittings should not be performed 
on thinner walls unless justified by mock-up, engineering 
analysis, or prior successful experience with similar 
welding procedures. The inside surface temperature of 
the ves se l  or p ipe  wal l  should  b e  b elow 9 8 0 ° C  
(1,800°F) during welding to prevent burn-through but 
this temperature can be excessive for some products 
(see paras. 216-2 .3 and 2 16-2.4) .  

( d) The area to be welded for hot tap fittings on the 
vessel, pipe, or tank should be examined using UT scan­
ning to ensure adequate thickness and soundness of the 
plate or pipe wall throughout the area to be welded. 

(e) Welding of hot tap fittings shall not be performed if 
there is not sufficient thickness to contain the internal 
pressure, and prevent burn-through in the vessel or 
pipe wall during welding. If there is insufficient thickness 

(1) the pressure should be reduced to a safe level to 
allow in-service welding 

(2) an alternative piping design should be consid­
ered, or 

(3) the use of a mechanical connection may be 
considered 

(22) 216-3.12 Maximum Allowable Internal Pressure 
for Welding of Hot Tap Fittings 

(a) The maximum allowable internal pressure that is 
permitted during welding of the hot tap fittings shall be 
calculated by the equation in the applicable construction 
code or by an engineering analysis. 

(b J The available thickness, the average metal tempera­
ture, and the allowable tensile stress during welding may 
be established as follows: 

(1) Calculate the wall thickness, t, available to 
contain internal pressure as follows: 

t = measured wall thickness - 2.4 mm ( %2 in.) 

as a margin to prevent burn-through. 
(2) Adjust the outside diameter to be used in the 

calculation as follows: 

D = pipe or vessel 0.D. - 4.8 mm (3/16 in.) 

(3) Let T1 = service temperature and D1 = inside 
diameter. 

(4) Assume the temperature in the depth of penetra­
tion plus recrystallization zone is T2 and equal to 750°C 
(1,380°F}. 

(SJ Calculate the average temperature in the 
remaining metal available for internal pressure contain­
ment, Tm 
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where 
D outside diameter 

D1 inside diameter 
T1 operating temperature during hot tap 
T2 750°C (1,380°F), the assumed temperature in the 

depth of penetration plus recrystallization zone 

(6) Establish the yield strength of the component 
wall at the calculated average metal temperature, Tm· 

(-a) The yield strength at temperature Tm may be 
obtained from ASME BPVC, Section II, Part D, Table Y-1 for 
temperatures up to and including 1,000°F (538°C). For 
some materials, the yield strength at higher temperatures 
can b e  found i n  pub l i shed  l i terature ( see  para .  
2 16-7.3, ref. [4]) . 

(-b) The allowable design stress, S, for the compo­
nent wall shall not exceed two-thirds of the yield strength 
at temperature Tm• the hot tap temperature in the vessel or 
pipe wall. 

216-3.13 Maximum Permissible External Pressure 

(a) The maximum allowable external test pressure 
(without internal pressure) during the hot tap hydrostatic 
testing on the pressure vessel, storage tank, or pipe wall 
shall be determined by use of the appropriate formula 
from the applicable construction code or post-construc­
tion code or standard, using the measured wall thickness 
and the maximum expected operating temperature of the 
hot-tapped equipment. 

(b J The assessment of the allowable external pressure 
to avoid buckling or plastic collapse may be calculated by 
use of the procedures and equation in the original 
construction code or by one of the following methods: 

(1) In hot taps employing full encirclement sleeves or 
split tees, the maximum allowable external pressure may 
be determined by the requirements in ASME BPVC, 
Section VIII, Division 1, UG-28 through UG-30, using 
the centerl ine length between the circumferential 
welds between the split tee and the run pipe as length 
L and the measured thickness of the pressure component, 
t� calculate the ratio D/t (where D is the outside diameter 
of the pressure component subjected to external pressure 
and t is the measured thickness) . 

(2) For hot taps on cylinders employing set-on-type 
nozzles with or without reinforcing pads, the maximum 
allowable external pressure to prevent buckling of the 
pipe or vessel shell wall may be determined by the 
following calculation: 
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where 

MAEP 
3 Et min 

8 ( k2 - I ) 
M 

a 1;z sector angle of the arc of the hot-tapped 
pipe, vessel, or tank shell within the inside 
diameter of the hot tap fitting 

D0 = outside diameter 
E = modulus of elasticity at test temperature 
k = factor determined by iteration: 

k tan a cot ka = 1, or 

a 15 30 60 90 120 150 180 

k 17.2 8.62 4.37 3.0 2 .36 2.07 2.0 

M = design margin, taken as 3.0 or greater 
MAEP maximum allowable external pressure 

tmin = minimum measured wall thickness in test 
area 

v = Poisson's ratio 

NOTE: This equation is valid for R/t >  10 (where R = the radius of 
the vessel, pipe, or a storage tank, and t is its thickness). 

The allowable external pressure to avoid buckling or 
plastic collapse may also be assessed by calculating the 
critical buckling pressure on that part of the vessel 
shell or pipe within the diameter of the new hot tap 
fitting by generally accepted analytical methods or equa­
tions and by applying a design margin consistent with the 
original construction code to determine the allowable 
external pressure. 

(c) Consideration shall be given to the highest and the 
lowest operating temperatures in making these calcula­
tions. The use of the highest operating temperature will 
account for reduction in the strength at the higher 
temperature. 

216-3.14 Pressure Equipment Stresses From 
Applied Loads on Hot Tap Nozzles 

Connections should be designed to prevent overstres­
sing of the pipe or vessel being hot tapped due to the con­
ditions specified in paras. 216-3.14.1 and 216-3. 14.2. 

216-3.14.1 Hot Tapping Loads 

(a) During hot tapping, the weight of the hot tap valve 
and the drilling machine, if not independently supported, 
could bend the pressure equipment and possibly buckle 
the pressure equipment wall at the base of the branch. 

(b) If the branch is not in the vertical plane, the canti­
levered weight of the valve and the drilling machine will 
apply a bending moment to the pressure equipment. 

(c) The stresses induced by these loads should be calcu­
lated, multiplied by an appropriate dynamic factor (e.g., 
2.0), and combined with the internal pressure stresses. 
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216-3.14.2 Piping Flexibility Analysis 

(a) Consideration should be given to piping loads from 
connecting piping systems. 

(b) Piping flexibility analysis should be performed to 
determine the acceptability of imposed nozzle loads 
for future operating conditions. 

(c) The installation of the new pressure equipment 
should not increase the existing pressure equipment 
stresses beyond their allowable limits. 

216-3.15 Piping Supports 

Adequate bracing or support should be provided for 
piping to support the increased loads from the additional 
weight added as a result of the hot tap, and to minimize 
vibration or impact on the line during cutting. 

216-3.15.1 Piping Transmitted Loads. A conventional 
pipe stress analysis should be performed to assess the 
effects of bending over supports from weight of the 
hot tap valve and additional valves or fittings, thermal 
expansion, etc., unless these loads are determined to 
be insignificant. 

216-4 FABRICATION 

(a) All connections should be welded to the vessel or 
piping surface and examined, and pressure tested prior to 
cutting the hole. 

(b) NOE in lieu of pressure testing may be used only 
when agreed to by the owner and the inspection agency (if 
applicable). 

216-4.1 Welding 

216-4.1.1 General 

(a) Welding materials shall be compatible with the 
materials to be welded. 

(1) Consideration should be given to carbon equiva­
lents of the materials to be welded, heat inputs and cooling 
rates to minimize the risk of developing cracks in the weld 
metal and heat-affected zones after welding. 

(2) See Article 2 10 for additional welding considera­
tions. 

(b) In-service welding requires additional considera­
tions, such as adequate preheat, gas purge (with dry 
air, C02, etc.), low hydrogen welding consumables, and 
special welding procedures to prevent moisture and 
reduce high weld quench rates to avoid the potential 
for cracking of welds. 

(c) Flame heating should not be used. 

216-4.1.2 Qualifications. Welding procedures and 
welders or welding operators shall be qualified in accor­
dance with the applicable construction code or post­
construction code. 
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216-4.l.3 Welding Practices. The following welding 
practices should be followed: 

(a) Low hydrogen consumables or processes should be 
used. For root passes, other electrode types may be used, 
provided they match the nominal chemical composition of 
the base metal and do not significantly increase the risk of 
burn-through or hydrogen cracking. 

(b) Small weld beads [2.5 mm (%2 in.) maximum elec­
trode diameter if SMAW is used] and a stringer bead tech­
nique with a maximum of 3 times the electrode core 
diameter should be used for all welds on pressure 
parts to minimize the heat input on the first passes. 

(1) Larger diameter electrodes may be considered 
for fill passes if the wall thickness is greater than or 
equal to 1/2 in. (13 mm). 

(2) Layer or bead thickness should be restricted to 5 
mm (3/i6 in.) to promote interbead or layer tempering. 

(c) Minimum amperage consistent with achieving an 
acceptable weld should be used. 

(d) Buttering or weld overlaying the pipe or vessel 
surface prior to attaching a nozzle to 19-mm (%-in.) 
thick or heavier pipe fabricated from plate should be 
considered to prevent lamellar tearing of the header 
pipe or vessel. See ASME BPVC, Section IX. 

(e) For metal temperatures below the dew point, or 
when welding could result in increased hardness,  
preheating or  surface heating may be required to 
reduce the risk of hydrogen-induced cracking. 

(f) All welds shall be within the design requirements of 
the fitting. 

216-4.2 Execution of the Hot Tap 

(a) Hot tap drilling equipment shall only be operated by 
qualified and experienced personnel. 

(b) The equipment user shall establish procedures for 
execution of the hot tap cutting operation. It is recom­
mended that such procedures include 

(1) verification that the equipment is suitable for the 
application 

(2) establishing the drilling machine boring bar 
travel distances for the drill and cutter entry into the pipe 

(3) owner approval to commence cutting operation 
(4) purging if necessary to eliminate air from the 

equipment prior to cutting 
(SJ detailed operational steps for completing the 

cutting operation that includes 
(-a) verifying the boring bar positons for drill and 

cutter match those calculated prior to commencing the 
equipment operation 

(-b) verifying the pilot drill engagement to the 
coupon 

(-c) ver ifying the coupon cutout has been  
completed 

(6) methods for product venting or containment on 
completion of the cutting operation 
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(7) owner approval to remove the drilling equip­
ment from the hot tap valve 

(8) verification of flow rate in piping 
(c) The cutout coupon should be delivered to the owner 

representative as evidence of the coupon removal. It is 
also useful to provide the coupon to the owner's inspec­
tion department for verification of pipe wall thickness and 
internal pipe condition for their records. 

216-5 EXAMI NATION 

216-5.1 Pre-Hot Tap Examination 

216-5.l.l General 

(a) The area to be hot tapped in the vessel or pipe shall 
be examined using UT scanning, unless limited by 
temperature, to determine the existing thickness and 
any defects of the plate or pipe wall. 

(b J Hot taps should not be made in the areas where the 
measured thickness is less than the minimum thickness 
required for welding or in areas where defects exist in the 
vessel wall or pipe wall (laminations, etc.). 

(c) Existing defects need not be removed if located in 
the pipe or vessel material that will be removed during the 
hot tap operation. 

216-5.1.2 MT and PT Examination 

(a) The area to be hot tapped should also be examined 
by the MT or PT methods to check for surface defects 
where the examination in para. 2 16-5 .1 .l(a) indicates 
surface damage (e.g., corrosion, pitting), unless MT or 
PT is limited by the operating conditions. 

(b) The acceptance criteria for MT and PT should be in 
accordance with the original construction code. If there is 
no acceptance criteria listed in the original construction 
code, the criteria listed in ASME BPVC, Section VIII, Divi­
sion 1 may be used. 

216-5.1.3 Weld Seam Preparation 

(a) If the hot tap is to be located on an existing weld 
seam and if not limited by the maximum allowable 
temperature for the intended examination techniques, 
then the existing weld seam should be ground flush. 

(b) The weld seam should be subjected to 100% of 
volumetric examination (e.g., UT) and 100% surface ex­
amination (e.g., MT or PT) of the external surface in the 
area of the hot tap and for 75 mm to 100 mm (3 in. to 4 in.) 
on each side of the hot tap to ensure that there are no 
detectable flaws in the area to be welded. 

216-5.l.4 Covered Longitudinal Welds. Longitudinal 
welds in the pipe that will be covered by full encirclement 
sleeve or reinforcing pad shall be examined by radio­
graphic or ultrasonic examination prior to installing 
the hot tap, unless limited by the operating conditions. 
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216-5.2 Hot Tap Fitting Field Welds 

(a) All welds should be examined by the UT method, 
where possible, and by MT or PT methods after comple­
tion of welding. 

(b) The root and the final passes of the nozzle-to­
header and nozzle-to-flange welds shall be 100% MT 
or 100% PT examined, where possible, before applying 
any required reinforcement. 

(c) The acceptance criteria shall be in accordance with 
the applicable construction code. 

216-5.3 Hot Tap Fitting Shop Fabrication Welds 

(a) All full penetration, pressure-retaining welds made 
in shop shall be 100% RT or 100% UT examined in accor­
dance with the applicable construction code. 

(b} All other welds shall be 100% MT or 100% PT 
examined. 

216-6 PRESSURE TESTING 

216-6.1 Cutting Equipment 

(a) The cutting equipment should be subjected to a 
pressure test prior to the hot tap cutting operation to 
ensure that the equipment has no leaks when under pres­
sure. 

(b) This pressure test should be performed indepen­
dently by the operator of the cutting equipment prior 
to the start of the hot tap operation. 

(c) The pressure test to be performed on the cutting 
equipment shall be equal to or greater than the specified 
test pressure for the hot tap fitting, but not greaterthan the 
maximum test pressure allowed by the cutting equipment 
design. 

216-6.2 Hot Tap Valve 

(a) The hot tap valve should be subjected to a pressure 
test prior to the hot tap cutting operation. 

(1) This pressure test should be performed indepen­
dently by the valve manufacturer, or the owner /user of the 
equipment, or the equipment operator prior to the start of 
the hot tap operation. 

(2) The pressure test to be performed on the valve 
shall be equal to or greater than the specified test pressure 
for the hot tap fitting, but not greater than the maximum 
test pressure allowed by the valve design. 

216-6.3 Hot Tap Fitting - General Considerations 

(a) The hot tap fitting should be subjected to a test pres­
sure above the design pressure after welding but prior to 
cutting the hole in the header, or the vessel wall, or the 
tank wall. 

(1) This pressure test may be a hydrostatic test or a 
pneumatic test. 
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(2) Prior to performing the pressure test, the 
maximum pressure of the pressure test shall be confirmed 
to be less than the maximum permissible external pres­
sure as specified in para. 216-3.13. 

(b) When the cut is to be performed immediately after 
the pressure test, the pressure test may be performed with 
the hot tap valve and cutting equipment in place. 

(c) When it is not possible or practical to perform the 
cut immediately after the pressure test is performed, the 
pressure test may be performed without the hot tap valve 
and cutting equipment in place. 

(1) A follow-up leakage test shall be performed prior 
to the cut, which includes the hot tap valve and cutting 
equipment in place to ensure that there has been no 
damage to the fitting and the cutting equipment, and 
to verify the flange joint assembly. 

(2) This leakage test shall be equal to or greater than 
the operation pressure of the vessel or pipe but not exceed 
maximum permissible external pressure on the vessel or 
pipe or maximum test pressure allowed by the hot tap 
valve or cutting equipment. 

( d} Where a pressure test is determined not to be prac­
tical or advisable by subject matter experts and the full 
NDE specified in paras. 2 16-5 .1 and 216-5.2 has been 
satisfactorily completed, the appropriate subject matter 
experts may waive the need for a pressure test as 
allowed the original construction code and/or the 
repair /alteration post-construction code. 

216-6.4 Pressure Test Medium 

(a) For operating temperatures of the vessel or pipe in 
the range 0°C to 90°C (32°F to 200°F}, water should be 
used to perform a hydrostatic test. 

(b} At temperatures outside this range, an alternative 
fluid such as a light oil, antifreeze, or silicone may be used 
to perform a hydrostatic test. Some possible alternative 
hydrostatic test fluids are as follows: 

(1) For operating temperatures in the range -40°C to 
0°C (-40°F to 32°F}, a 70% ethylene glycol and water solu­
tion should be used. 

(2) For operating temperatures in the range 90°C to 
1 15°C (200°F to 240°F}, steam or industrial grade ethy­
lene glycol may be used. 

(3) For operating temperatures in the range 90°C to 
290°C (200°F to 550°F}, an appropriate grade of turbine 
oil may be used, or an appropriate grade of silicone fluid 
may be used. 

(c) For operating temperatures of the vessel or pipe 
over 290°C (550°F}, pneumatic test with nitrogen gas 
may be used. 

( d) Consideration should be given to compatibility of 
the test medium with the component materials . For 
example, the chloride content of test water generally 
should not exceed SO ppm when working with stainless 
steel. 
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216-6.5 Hydrostatic Testing of Hot Tap Fittings 

216-6.5.1 Test Pressure 

(a) The hydrostatic test pressure should be performed 
at a test pressure that is at least the test pressure required 
by the original construction code or the applicable post­
construction code, but not greater than the lesser of 
following: 

(1) The lesser of 1.5 times the design pressure of the 
line, or vessel, or tank, and 1 .5 times the flange pressure­
temperature rating listed in ASME B16 . 5  at the test 
temperature for hot tap fittings installed on a system 
which includes B 16.5 flanges. 

(2) The maximum permissible external pressure on 
the vessel or pipe (see para. 2 16-3 .12) inside the hot tap 
fitting at the test temperature. 

(b} The test medium shall be selected such that local 
boiling of the test medium does not occur when subjected 
to operating temperature of the vessel or pipe [see 
para. 216-6.4(a)] .  

216-6.6 Pneumatic Test of Hot Tap Fittings 

(a) Pneumatic test should not be used because of the 
increased risk of stored energy. 

(b) It is sometimes necessary to consider a pneumatic 
test if it is not practical to perform a hydrostatic test (e.g., 
for test temperatures above the boiling point of water or 
other liquids). 

(c) A pneumatic test with air or other gases (e.g., 
nitrogen) should only be performed when agreed to by 
the owner. 

(d) The pneumatic test pressure shall not exceed 1 .1  
times the pressure rating of the hot tap fitting at  the oper­
ating temperature of the vessel or the pipe. 

(e) See  Article 5 0 1  fo r extensive guidance on 
performing pneumatic test. 

216-7 REFERENCES 

(22) 216-7.1 Referenced Codes and Standards 

The following is a list of publications referenced in this 
Article. Unless otherwise specified, the latest edition shall 
apply. 

ANSI/NB-23, National Board Inspection Code, Part 3, 
Repairs and Alterations. 

Publisher: National Board of Boiler and Pressure Vessel 
Inspectors (NBBI}, 1055 Crupper Avenue, Columbus, 
OH 43229 (www.nationalboard.org) 

AP! RP 941 ,  Steels for Hydrogen Service at Elevated 
Temperatures and Pressures in Petroleum Refineries 
and Petrochemical Plants 

AP! RP 2009, Safe Welding, Cutting, and Hot Work Prac­
tices in Petroleum and Petrochemical Industries 
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AP! Standard 510, Pressure Vessel Inspection Code: Main­
tenance Inspection, Rating, Repair, and Alteration 

AP! Standard 570, Piping Inspection Code: Inspection, 
repair, Alteration, and Rerating of In-Service Piping 
Systems 

AP! Standard 600, Steel Gate Valves - Flanged and Butt­
Welded Ends, Bolted Bonnets 

Publisher: American Petroleum Institute (AP!), 200  
Massachusetts Avenue NW, Suite 1 100, Washington, 
DC 20001-5571 (www.api.org) 

ASME Boiler and Pressure Vessel Code, Section VIII, Rules 
for Construction of Pressure Vessels; Division 1 

ASME Boi ler and Pressure Vessel Code, Section IX, 
Welding, Brazing, and Fusing Qualifications 

ASME B16.5, Pipe Flanges and Flanged Fittings 
Publisher: The American Society of Mechanical Engineers 

(ASME}, Two Park Avenue, New York, NY 10016-5990 
( www.asme.org) 

MSS SP-97-2006, Integrally Reinforced Branch Outlet 
Fittings-Socket Welding, Threaded, and Butt Welding 
Ends 

Publisher: Publisher:  Manufacturers Standardization 
Society of the Valve and Fittings Industry, Inc. (MSS), 
1 2 7  P a r k  S t r e e t , N E , V i e n n a ,  VA 2 2 1 8 0  
(www.msshq.org) 

216-7.2 Related Codes and Standards (22) 

The following is a list of publications referenced in this 
Article. Unless otherwise specified, the latest edition shall 
apply. 

ASME Boiler and Pressure Vessel Code, Section V, Nonde-
structive Examination 

ASME B31.1, Power Piping 
ASME B31.3, Process Piping 
ASME B31 .4, Pipeline Transportation Systems for Liquid 

Hydrocarbons and Other Liquids 
ASME B3 1 .8, Gas Transmission and Distribution Piping 

Systems 
Publisher: The American Society of Mechanical Engineers 

(ASME), Two Park Avenue, New York, NY 10016-5990 
(www.asme.org) 

ANSI  Z49 . 1, Safety in Welding, Cutting and All ied 
Processes 

Publisher: American Welding Society (AWS), 8669 NW 36 
Street, No. 130, Miami, FL 3 3 166 (www.aws.org) 

AP! RP 577, Recommended Practice, Welding Inspection 
and Metallurgy 

AP! RP 582, Recommended Practice, Welding Guidelines 
for the Chemical, Oil, and Gas Industries 

AP! Standard 620, Design and Construction of Large, 
Welded, Low-Pressure Storage Tanks 

AP! Standard 650, Welded Steel Tanks for Oil Storage 
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API Standard 653, Tank Inspection, Repair, Alteration, and 
Reconstruction 

API RP 2201, Safe Hot Tapping Practice 2201 
Publ isher: American Petroleum Institute (API) ,  200 

Massachusetts Avenue NW, Suite 1 100, Washington, 
DC 20001-5571 (www.api.org) 

NFPA 518, Standard for Fire Prevention During Welding, 
Cutting, and Other Hot Work 

Publisher: National Fire Protection Association (NFPA), 1 
B atterymarch Park, Qu in cy, MA 0 2 1 6 9 - 7 4 7 1  
( www.nfpa.org) 

109 

216-7.3 Related Technical Publications 

[1] Piping and Pipeline Assessment Guide, A. Keith Escoe, 
Section 7, Hot Tapping. 

[2] Relaxation of In-Service Welding Procedure Flow 
Restrictions, by M. A. Boring and Joe Sobilo, Proceed­
ings of IPC2008, 7th International Pipeline Confer­
ence, September 29 - October 3, 2 008,  Calgary, 
Alberta, Canada. 

[3] Roark's Formulas for Stress and Strain, Eighth Ed., W. C. 
Young, R. D. Budinas, and A. M. Sadegh. 

[ 4] Steels for Elevated Temperature Service, United States 
Steel, 197 4 Edition. 

[5] Welding Metallurgy, Second Edition, Sindo Kou. 
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Non mandatory Appendix 216-A 
Glossary of Acronyms 

216-A-l GLOSSARY OF ACRONYMS 216-A-l.2 Terms 

216-A-l.l Organizations 

AP! 

ASME 

MSS 

NB 

NFPA 

American Petroleum Institute 

The American Society of Mechanical Engineers 

Manufacturers Standardization Society of the 
Valve and Fittings Industry 

National Board 

National Fire Protection Association 
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BPVC 

!PC 

MT 

NPS 

NPT 

PT 

PWHT 

RP 

Swarf 

UT 

Boiler and Pressure Vessel Code 

International Pipeline Conference 

Magnetic particle testing 

Nominal pipe size 

National pipe threads 

Liquid penetrant testing 

Postweld heat treatment 

(AP!) recommended practice 

Cutout produced during the cutting operation 

Ultrasonic testing 
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Article 217 
Seal Welding of Leaking Water Systems 

217-1 DESCRI PTION 

This Article addresses a method to seal leaking water 
system components, while the system is online, to support 
subsequent application of repair methods to permit 
continued service. In most applications, seal welding is 
a prel iminary repair step, and the final repair may 
require the application of an overlay, a weld buildup, a 
reinforcing plate, a sleeve, or other methods. 

217-2 LIMITATIONS 

217-2.1 Additional Requirements 

Part 1 of this Standard contains additional require­
ments and l imitations. This Article shall be used in 
conjunction with Part 1. 

217-2.2 Welding Process 

The shielded metal arc welding (SMAW) process shall 
be used to deposit the seal weld. 

217-2.3 Material 

This repair technique shall only be applied on austenitic 
stainless steel, austenitic nickel alloy, or carbon steel 
water system components. 

217-2.4 Application 

217-2.4.1 This Article is intended to be used for seal 
welding of leaks in water system applications only. 
This Article shall not be used at water temperatures in 
excess of 93°C (200°F} and pressures over 1 034 kPa 
( 1 5 0  ps i ) .  This Article is not intended for use on  
systems that may be degraded by  wall thinning, a s  
peening i s  generally required during application o f  this 
method. Welding may be in damp, or wet, conditions 
but should not be performed when the surface to be 
welded is submerged. 

217-2.4.2 The user should consider the possibility of 
ingress of other contents into the water system (e.g., 
hydrocarbons from leaking exchangers) and evaluate 
the ability to successfully complete the repair in the pres­
ence of such contents. 
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217-3 DESIGN 

217-3.1 Repair Limitations 

The size of the repair is not limited by this Article. The 
owner or local jurisdictions may place limitations on the 
use of these techniques. 

217-3.2 Requirements 

Design requirements, if any, for seal welding ofleaks are 
the responsibility of the owner. Refer to the appropriate 
article for design requirements associated with any repair 
method that is employed after application of the seal weld. 

217-4 FABRICATION 

217-4.1 Weld Procedure Qualification 

The qualified welding procedure used to repair the 
flaws shall be qualified in accordance with the applicable 
code of construction or post-construction code, along with 
the following additional requirements. 

217-4.1.1 Procedure Application. If welding is going to 
be performed on a leaking defect that is not initially sealed 
by peening, the user should take into account what effect 
water will have on the application of the first layer( s) of 
weld deposit. This can be accomplished by water misting 
or wetting the surface to simulate leakage on mockup 
coupons. 

217-4.1.2 Welding Consumable. The weld filler metal 
shall be low carbon (0.035% max.) austenitic stainless 
steel (AWS/ASME A/SFA5.4, E316L, or E308L), nickel 
alloy (AWS/ASME A/SFA5.1 or ENiCrFe-X), or carbon 
steel (AWS/ASME A/SFA5.l, E6010, E6011, or E6013). 
The welding electrode classification shall be specified 
in the welding procedure. 

217-4.1.3 Welder Performance Qualification. The 
welder shall be qualified in accordance with the applicable 
code of construction or post-construction code. 

217-4.2 Examination Prior to Seal Welding 

Prior to seal welding, the surface to be repaired shall be 
visually examined to evaluate the extent of the leak Addi­
tional examinations, such as ultrasonic thickness 

(22) 
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measurements, may be necessary to ensure leakage is not 
due to wall thinning. 

217-4.3 Surface Preparation 

Surfaces to be welded shall be cleaned to bright metal by 
light abrasive grinding or wire brushing. Wire brushing is 
preferred to avoid expanding the leak. 

217-4.4 Peening 

Peening should be performed using manual or air tools 
to close the leak as much as possible, prior to seal welding. 
Rounded or blunt tooling should be utilized. If necessary, 
the application of a weld bead immediately adjacent to the 
leak can assist by providing additional material to peen 
over the leak. 

217-4.5 Cleaning 

Solvents may be used to remove oil, paint, or other 
contaminants, prior to welding. 

217-4.6 Seal Welding 

Two or more layers of weld metal shall be applied to seal 
the leak. After the application of each seal weld bead, the 
deposited material should be peened to further seal the 
leak if the initial peening did not stop the leak. Multiple 
applications, with peening of each bead, may be required 
to seal the leak. 

217-4.6.1 After the leak is sealed, at least one additional 
layer should be applied to complete the seal welding 
procedure. The thickness of the seal weld layers shall 
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not be included in  meeting any weld reinforcement re­
quirements. 

217-4.6.2 If a subsequent weld buildup is applied to 
complete the repair prior to service, it shall be designed 
to satisfy 1 00% of the weld reinforcement thickness 
requirement. 

217-5 EXAMI NATION OF THE SEAL WELD 

Visual examination shall be performed, and there shall 
be no evidence of leakage. 

217-6 PRESSURE TESTING 

Testing beyond in-service leak tests is not recommend­
ed for seal welding applications as described in this 
Article, as seal welding is an interim repair step and 
does not constitute a repair. Refer to the appropriate 
article for testing requirements associated with any 
repair method that is employed after application of the 
seal weld. 

217-7 REFERENCES 

The following is a list of publications referenced in this 
Article: 

On-Line Seal Welding of Pipe Cracks, March 1997 

Weld Repair of Class 2 and 3 Ferritic Piping, September 
1997 

Publisher: Electric Power Research Institute (EPRI}, 3420 

Hillview Avenue, Palo Alto, CA 94304 (www.epri.com) 
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PART 3 
MECHAN ICAL REPAI RS 

Article 301 
Replacement of Pressure Components 

301-1 DESCRI PTION 

This Article applies to the replacement of pressure 
equipment or piping components (such as vessels, 
valves, instruments, fittings, flange gaskets, etc.) or subas­
semblies (such as pipe spools, vessel heads, shells, etc.). 
The replacement may be a replacement in kind (replace­
ment by identical components) or a modification (a 
change in materials, design, or fabrication). 

301-2 LIMITATIONS 

Part 1 of this Standard contains additional require­
ments and l imitations. This Article shall be used in 
conjunction with Part 1 .  

301-3 DESIGN 

301-3.1 Mitigation 

If the replacement is due to deterioration, the cause of 
the deterioration and the need to make changes to miti­
gate future deterioration should be considered. 

301-3.2 Engineering Evaluation 

An engineering evaluation shall be performed if there is 
any change from the original design. The design engineer 
shall specify the functional, material, and mechanical re­
quirements for the replacement component or subas­
sembly. Functional  requirements include process 
variables, flow characteristics, etc. Material requirements 
include choice of materials compatible with the process 
and with the existing system, choice of material specifi­
cation, material quality, etc. Mechanical requirements 
include wall thickness, pressure class, layout, supports, 
etc. 

301-3.3 Design Code 

The mechanical design of the replacement component 
or subassembly shall comply with the applicable construc­
tion code or post-construction code. 
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301-3.4 Modifications 

It may be necessary to modify the design of the existing 
system to accommodate the replacement. For example, 
replacing a valve with a heavier one may require 
adding additional supports or large cutouts in vessel 
shells or replacement of shells may require temporary 
restraints or supports. 

301-4 FABRICATION 

301-4.1 Safety 

Planning and implementation of replacement activities 
shall thoroughly and clearly account for proper isolation, 
lockout and tagout, drainage, venting and cleaning of 
systems or components, in accordance with recognized 
and accepted engineering practices, regulations, and 
appropriate safety procedures. 

301-4.2 Welding 

The welding (including welding process and procedure, 
materials, qualification, preweld and postweld heat treat­
ment) or mechanical joining technique of the replacement 
component or subassembly shall comply with the appli­
cable construction code or post-construction code. 

301-4.3 Tie-in Joint 

The tie-in joint (joint between the replacement part and 
the existing component) shall be cleaned and made 
suitable for joining. The existing component at the tie­
in should exhibit no evidence of deterioration from the 
original material thickness, complying with the applicable 
construction code or post-construction code, unless justi­
fied by an appropriate level of fitness-for-service evalua­
tion. 

301-4.4 Bolted Joint 

For the assembly of bolted joints, standards such as 
ASME PCC-1 should be followed. 
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301-5 EXAMI NATION 

301-5.1 Criteria 

New joints and joints between new and old material 
shall be examined in accordance with the applicable 
construction code or post-construction code, including 
type, extent and location of examination, and acceptance 
criteria. 

301-5.2 Mechanical Tie-in 

The examination of mechanical tie-in joints (such as 
flanges, threaded joints, swage or compression fitting, 
and tube fittings) should be specified by the owner 
and may consist of the verification of proper joining 
process and final assembly, or tightness checks by 
torque wrench or gages where applicable (go/no-go 
gages, torquing of flanges bolts). 

301-6 TESTING 

301-6.1 Criteria 

The new component or subassembly shall be pressure 
tested and/or examined as required or allowed by the 
applicable construction code or post-construction code. 

301-6.2 Alternative 

Where it is impractical to perform a hydrostatic pres­
sure test for the welded or mechanical tie-in joints, the 
organization performing the work may substitute the 
hydrostatic pressure test with a test method that will 
verify the leak integrity of the joint. For example, an alter­
native test method for hydrostatic testing may be a pneu­
matic test (see para.  3 0 1 - 6 . 2 . 1 ) .  When all safety 
precautions cannot be met or when pressure or leak 
testing is impractical to perform, nondestructive exami­
nation may be used (see para. 301-6.2.2) . 
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301-6 .2.l If pneumatic testing is performed, the 
applied pressure shall not exceed that allowed by the ap­
plicable construction code or post-construction code and 
all code-specified safety precautions shall be followed. 

301-6.2.2 Where nondestructive examination is used 
in lieu of pressure or leak testing welded tie-in joints, volu­
metric examination, such as RT or UT, shall be performed if 
configuration allows for acceptable and meaningful 
results. If volumetric examination cannot be performed, 
other methods, such as PT or MT, may be performed prior 
to, during, or after welding to the extent needed to verify 
the weld contains no defects. Where nondestructive ex­
amination is used, the acceptance criteria of the applicable 
construction code or post-construction code shall apply. 
For mechanical t ie- in j o ints, the requirements of  
paras. 301-4.4 and 301-5 .2 should be followed. 

301-6.2.3 Additional pressure testing requirements, 
procedures, and recommendations are described in 
Article 501.  

301-6.3 Design Change Monitoring 

Following a change in design, the system shall be 
observed for signs of abnormal vibration, expansion, 
contraction, or other signs of malfunction during initial 
operation. 

301-7 REFERENCES 

The following publication is referenced in this Article; 
the latest edition shall apply. 

ASME PCC-1 ,  Pressure Boundary Bolted Flange Joint 
Assembly 

Publisher: The American Society of Mechanical Engineers 
(ASME), Two Park Avenue, New York, NY 10016-5990 
( www.asme.org) 
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Article 302 
Freeze Plugs 

302-1 DESCRIPTION 

302-1.1 Technique 

A freeze plug operation is a technique for isolating a 
section of piping by cryogenically cooling the outer 
wall of the pipe and freezing the contained liquid to 
form a solid plug. Carbon dioxide and liquid nitrogen 
are the two most commonly used freeze mediums. 

302-1.2 Application 

A freeze plug can be performed on water, water solu­
tions, sludge, some hydrocarbons, some acids, some bases, 
and some other liquids. Freeze plugs have held 170 bar 
(2,500 psi) for actual field repairs and successfully tested 
as high as 680 bar (10,000 psi). The success ofa freeze plug 
depends on the freeze point of the liquid, the size of the 
pipe, the in itial temperature, proximity of flow in 
connecting pipes, and the piping arrangement. 

302-1.3 Risk Assessment 

It should be recognized that while performing a freeze 
plug, a failure could occur resulting in injury to personnel 
or damage to equipment. Therefore, the end users, in their 
decision process, shall assess the benefits of the freeze 
plug technique against the possibility of a plug or pipe 
failure. 

302-1.4 Basis 

This Article is based on experience with freeze plugs in 
metal pipes. 

302-2 LIMITATIONS 

302-2.1 Additional Requirements 

Part 1 of this Standard contains additional require­
ments and limitations .  This Article shall be used in 
conjunction with Part 1. 

302-2.2 Safety Considerations 

302-2.2.1 Oxygen Deficient Atmosphere. The major 
hazard of working with liquid nitrogen and carbon 
dioxide for performing freeze plugs is the possibility of 
asphyxiation in an oxygen deficient atmosphere. This 
shall be minimized by following confined space proce-
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dures including checking the oxygen content o f  the atmo­
sphere with an oxygen analyzer. Oxygen monitoring 
equipment should have a visual indicator and an 
audible alarm. 

302-2.2.2 Burns. Frost burns are another hazard of 
cryogenic liquids and solids that should be minimized 
by the use of proper procedures and protective clothing. 

302-2.2.3 Personnel. Personnel shall be trained and 
experienced in the freeze method and knowledgeable 
of the hazards of handling and using cryogenic liquids. 
Personnel shall also follow proper precautions and proce­
dures related to protective clothing, ventilation in 
confined spaces, monitoring of temperatures, monitoring 
of oxygen in the air, emergencies, and first aid. 

302-2.2.4 Confined Space Below Grade. For freeze 
plugs performed below grade, the freeze jacket should 
be installed in a separate excavation from the work 
area. Doing so minimizes the number of individuals 
exposed to nitrogen gas or liquid. If this is not possible, 
additional safety precautions shall be taken which may 
include confined space procedures for all personnel. 

302-2.2.5 Venting Safety. Nitrogen vents should be to 
the outside or above grade and not into the confined space. 
Air movers or fans should be used to maintain the fresh air. 

302-2.2.6 Coolant Leaks. Liquid nitrogen leaks from 
the freeze equipment should be corrected or minimized 
whenever possible to protect personnel and equipment. 
Confined space procedures shall be followed when appli­
cable. Work areas should be barricaded and isolated with 
tarps to protect personnel and equipment when applica­
ble. 

302-2.3 Freeze Point 

It is important to know the freeze point temperature of 
the liquid before performing a freeze plug operation. The 
freeze point temperature for most processes can be 
provided by the owner or found in chemical references. 
If this information is not available, a freeze point tempera­
ture test should be performed (see section 302-6) .  
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302-2.4 Hydrocarbon Precautions 

A freeze plug operation on hydrocarbons shall be eval­
uated with special precautions. The plug gains strength 
due to an increase in viscosity as the temperature 
decreases. The center of the freeze plug is at a higher 
temperature than the outside of the plug. This means 
that the viscosity is lower at the center. Therefore, the 
shear strength of the plug is lower. The temperature 
reading from the thermocouples shall be sufficiently 
low that the internal temperature of the plug is in the 
range that provides full strength of the freeze plug. 
The freeze point/range temperature test will aid in eval­
uating this requirement. 

302-2.5 Light Ends 

If the fluid mixture contains light ends that vaporize 
when the downstream section is vented, the freeze 
plug will not hold. The feasibility of a freeze plug in 
this fluid can be determined by performing a freeze 
point temperature test. 

302-2.6 Impact Loading 

The piping system should not be subjected to any signif­
icant dynamic or external loads during the freeze opera­
tion. For example, do not use hammer wrenches or impact 
wrenches to remove studs and nuts. The bolts or studs and 
nuts should be removed one at a time and cleaned or 
replaced prior to the freeze plug operation to minimize 
these effects. 

302-2.7 Flow 

The pipe to be frozen must be full of liquid atthe location 
of the freeze plug and a "no flow" condition must exist. The 
most common cause for failure to develop a solid plug and 
a successful freeze is flow in the pipe. This problem is 
exacerbated by the fact that it is sometimes difficult to 
determine whether there is a flow. However, some 
freezes can be performed on small pipes, up to DN 100 
(NPS 4) in size, with a low flow. 

302-2.8 Initial Fluid Temperature 

Generally, the liquid being frozen should be at an initial 
temperature of 50°C (120°F} or below. 

302-2.9 Adjacent Flows 

If the freeze plug is located near a tee, flow in the 
connecting pipe may prevent the freeze, due to eddy 
currents and the Bernoulli effect. 
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302-3 DESIGN 

302-3.1 Pipe Materials 

302-3.l.l Successful Applications. Freeze plugs have 
been successfully performed on all commercially available 
metals .  This includes metals that are brittle at normal, 
intermediate, and cryogenic temperatures. 

302-3.1.2 Ductility. Cryogenic temperatures may be 
lower than the brittle transition temperature for some 
materials. Loss of notch toughness is a special concern 
for carbon steel, low alloy steels, ferritic and martensitic 
stainless steels, and duplex ( austenitic-ferritic) stainless 
steels. Copper, aluminum, austenitic stainless steels, and 
high n ickel alloys lose some ductility at cryogenic 
temperatures but generally retain sufficient notch tough­
ness. 

302-3.2 Material Property Changes 

As the temperature of the metal decreases, the strength 
of the material increases, but its fracture toughness 
decreases. The microstructure and physical properties 
of a metal are unchanged after the metal has been 
exposed to cryogenic temperatures and returned to 
normal temperatures. 

302-3.3 Pressure 

The pressure that a freeze plug can hold is directly 
proportional to the strength of the plug, the strength 
of the plug is directly proportional to the length of the 
plug, and the shear strength of the plug increases as 
the temperature decreases. Ice contracts at a faster 
rate than steel as the temperature decreases, therefore, 
the freeze plug exerts no pressure on the inside of the 
pipe as the freeze plug forms. 

302-3.4 Strength 

Freeze plugs formed under higher pressure are 
stronger. If practical, the freeze plug should be formed 
at the highest pressure to be encountered during the 
operation. 

302-3.5 Location 

The end user should evaluate the location of permanent 
and temporary pipe supports to allow for expansion and 
contraction during the freeze plug operation. The engi­
neering design of drains, vents, pressure relief points, 
and isolation valves shall also be considered. 

302-3.6 Liquid Nitrogen Freeze Plugs 

302-3.6.l Background. Liquid nitrogen is the most 
common method of forming a freeze plug in a pipe. 
This cryogenic fluid is used for the vast majority of 
freezes because it is relatively inexpensive, readily 
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available, easily transported, easily stored, and easily 
transferred to the freeze jacket. 

302-3.6 .2 Line Size. The boil ing point for liquid 
nitrogen is - 1 96°C (- 3 2 0°F) .  This i s  far below the 
temperature required to freeze water and many other 
liquids. Because of its capacity for high heat transfer 
rates, liquid nitrogen can be used for freeze plugs in 
pipe sizes up to DN 1 200 (NPS 48). 

302-3.6.3 Jacket Design .  A j acket, as shown in 
Figure 302-3.6.3-1, is used for the freeze. The materials 
of construction for freeze plug jackets are stainless, 
aluminum, and fiberglass. The liquid nitrogen inlet 
valves should be located at both the bottom and the 
top of the jacket. The valve at the bottom can also be 
used as a liquid nitrogen drain. 

302-3.6.4 Jacket Length. The length of the jacket used 
should be not more than three pipe diameters long. Longer 
jackets should not be used, because a double plug can form 
within the jacket resulting in a trapped liquid. Should this 
occur, high pressure can develop between the plugs and 
rupture or damage the pipe. For the same reason, two 
jackets placed end-to-end should not be used. 

302-3.6.5 Jacket Pressure. Freeze plug jackets are 
designed to operate at atmospheric pressure. The evapor­
ating gas from the liquid nitrogen is vented out the top of 
the jacket to a safe location in the atmosphere. 

302-3.6.6 Component Materials. The freeze plug 
jacket, hoses, piping, and valves should be suitable for 
cryogenic temperatures. 

302-3.6.7 Monitoring. The progress of the freeze plug 
operation is monitored with a temperature gage 
connected to the thermocouples located on the pipe at 
each end of the jacket. An optional probe in the center 
of the jacket may be used to indicate the jacket/pipe 
temperature. 

302-3.6.8 Alarms. The electrical signal from the 
temperature gage can also be used to trigger audible 
and visual alarms to warn operators and maintenance per­
sonnel of either a nitrogen level decrease or a temperature 
increase above set point, or both. 

302-3.6.9 Critical Applications. In some critical appli­
cations additional measures may be taken, including the 
use of flow monitors, differential pressure monitors, and 
remote TV cameras to monitor various aspects of the 
freeze. 

302-3. 7 Carbon Dioxide Freeze Plugs 

302-3.7.1 Size Limit. Carbon dioxide is used for freeze 
plugs in pipe sizes up to DN 100 (NPS 4) . 
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302-3.7.2 Safety. Carbon dioxide is often used for 
freeze plugs on water lines in buildings because of the 
reduced safety risk. However, proper safety precautions 
shall be followed, which may include confined space 
procedures. 

302-3.7.3 Jacket Design. The jacket for this technique 
may be made of cloth wrapped around the pipe and held in 
place by drawstrings on each end. When liquid carbon 
dioxide is introduced into the jacket, it forms dry ice. 
The dry ice sublimes at -78°C (-109°F) and cools the pipe. 

302-3.7.4 Jacket Length. The length of the jacket used 
should be not more than three pipe diameters long. Longer 
jackets should not be used, because a double plug can form 
within the jacket resulting in a trapped liquid. Should this 
occur, high pressure can develop between the freeze plugs 
and rupture or damage the pipe. For the same reason, two 
jackets placed end to end should not be used. 

302-3.7 .5 Mon itori ng .  A temperature monitor 
attached to thermocouples at  each end of the jacket is 
used to monitor and control the freeze plug. 

302-3.7.6 Maintaining Plug. Additional injections of 
carbon dioxide into the jacket may be required to maintain 
the freeze plug. 

302-4 FABRICATION 

302-4.1 Procedures 

Written procedures, covering the freeze plug operation, 
personnel requirements, safety, and contingency plans 
should be prepared and reviewed by appropriate person­
nel prior to the start of the job. 

302-4.2 Compatibility 

The freeze point of the liquid in the pipe shall be in an 
acceptable range consistent with the freeze medium and 
equipment being used. 

302-4.3 Coolant Supply 

An adequate supply of nitrogen or carbon dioxide 
should be available  for performing the j ob .  Large 
freezes or long hold times may require either an on­
site storage tank or additional deliveries of nitrogen or 
carbon dioxide, or both. 

302-4.4 Insulation and Coatings 

Insulation and mastic coatings shall be removed from 
the pipe in the area to be frozen to allow installation of the 
jacket and thermocouples. It is not necessary to remove 
thin coatings such as paint. 



NOTES: 
(1) Thermocouples 
(2) Nitrogen gas vents 
(3) Liquid nitrogen supply 
( 4) Thermocouple (optional) 
(5) Freeze jacket 
(6) Liquid nitrogen supply and jacket drain 
(7) Temperature monitor 
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Figure 302-3.6.3-1 
Nitrogen Freeze Plug Assembly 

Note (3) 
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302-4.5 Environment 

Environmental conditions may affect the freeze plug 
operation. Therefore, the freeze plug equipment should 
be shielded from the wind, rain, and heat sources such 
as the sun, hot pipes, and hot equipment. 

302-4.6 Closed Systems 

Special precautions shall be taken to prevent damage to 
the piping system when the freeze plug operation is 
located near a closed end such as a weld cap, blind 
flange, or closed valve. Once the freeze plug is formed, 
the differential expansion of the ice forming from the 
liquid can cause an increase in pressure in the closed 
volume and damage the pipe. 

302-4.7 Related Equipment 

Evaluation of equipment, such as pumps that can cause a 
pressure surge, should be made in the planning stage of 
the freeze plug operation. Whenever possible, this equip­
ment should be isolated for the duration of the job. 

302-4.8 Installation 

The freeze plug equipment shall be installed on the pipe 
per the procedure. 

302-4.9 Monitoring Time Frame 

The freeze plug operation shall be monitored continu­
ously from the time liquid nitrogen or liquid carbon 
dioxide is introduced into the jacket to the completion 
of all work. 

302-4.10 Plug Verification 

Three indicators shall be verified to ensure adequate 
strength of the freeze plug before opening the system 
and performing work. 

(a) The primary indicator is the temperature reading at 
each end of the jacket, which shall be at or below the pre­
established set point temperature. 

(b J A full circle frost ring should develop on each end of 
the jacket. 

(c) A test of the freeze plug shall be conducted at or 
above the highest pressure that will be encountered. 

The test of the freeze plug can be performed by cracking 
a flange, opening a valve, or hot tapping a hole in the pipe to 
release the pressure on the downstream side, thus 
utilizing the pressure on the upstream side of the plug 
for the test. In  order to ensure the integrity of the 
freeze plug before the pipe is fully opened and work 
begins, the test shall be maintained for the time period 
prescribed in the procedures .  Hydrocarbon products 
should be pressure tested for a longer period of time 
to ensure that a freeze plug of adequate strength has 
formed. 
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302-4.11 Leakage 

If process leakage is observed after draining the down­
stream portion of the pipe, the source of leakage shall be 
identified. If the leakage is from the freeze plug, continue 
the freeze. If from a different source, the leak should be 
evaluated and corrected or if deemed tolerable, the work 
can be performed. 

302-4.12 Welding 

When welding near the freeze plug, special procedures 
and precautions shall be followed to prevent melting and 
failure of the plug. 

302-4.13 Duration 

The freeze plug operation shall continue until the piping 
system is secure and the equipment owner or his repre­
sentative authorizes stopping. 

302-4.14 Testing 

Before putting the system back in service, the freeze 
plug may be used for pressure testing new components. 

302-4.15 Return to Service 

When the work is completed, the downstream pipe 
should be backfilled, the pressure equalized, and the 
air in the pipe removed at a high point vent. 

302-4.16 Thawing 

The recommended method for removing the freeze plug 
is to allow it to thaw naturally. This will minimize the risk 
of it moving downstream and damaging the piping system. 
It is generally not recommended to apply heat to the pipe 
to speed thawing of the plug. 

302-5 EXAMI NATION 

302-5.1 Visual Inspection 

The pipe in the freeze plug location should be visually 
inspected for defects, gouges, external corrosion, and 
other factors that could affect the integrity of the pipe. 

302-5.2 Nondestructive Examination 

The pipe should be nondestructively inspected to deter­
mine the wall thickness and condition. Welds in or near the 
freeze plug area should be inspected using radiographic or 
ultrasonic techniques. 

302-5.3 Evaluation 

Based on these data, an evaluation and determination 
should be made as to the suitability of a freeze in that 
location. However, the condition of the pipe is not an 
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absolute indicator that the pipe will or will not fail during a 
freeze plug operation. 

302-6 TESTING 

302-6.l Unknown Fluid Properties 

A freeze point temperature test should be performed on 
fluids of questionable or unknown freeze point or freeze 
range to verify the suitability of the product for a freeze 
plug operation. This is particularly important for hydro­
carbon mixtures with varying viscosity or light ends that 
can vaporize when the downstream side of the plug is 
depressured. Volatile components in the liquid may 
prevent a successful freeze plug, and their effect must 
be evaluated. 

302-6.2 Freeze Point Test 

The freeze point temperature test can be performed 
with a small freeze jacket and associated equipment. 
The jacket can be mounted on a short flanged spool 
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filled with a sample of the fluid and pressurized to 11;2 
times the operating pressure. After a freeze plug is 
formed, the flange may be removed for inspecting and 
evaluating the strength of the plug. 

302-6.3 Temperature Monitor Calibration 

The temperature monitor should be periodically cali­
brated. Additionally, it should be routinely checked by 
comparison to ambient, ice water, or other reference 
temperature before every job. 

302-6.4 Oxygen Monitor Calibration 

The oxygen monitor should be periodically calibrated. It 
should be checked by comparison to atmospheric oxygen 
content before every job. 
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Article 303 
Damaged Threads i n  Tapped Holes 

303-1 DESCRIPTION 

303-1.1 Introduction 

The design requirements of equipment such as vessels, 
machinery, valves, instruments, etc., where close coupling 
is required because of operational, economic, or space 
considerations, often dictate the use of tapped holes; 
usually with a stud, but sometimes with a cap screw. 
When a stud is used, the stud is engaged within a 
drilled and tapped hole at one end and secured with a 
nut at the other end. The threads in the tapped hole 
o ften have a tighter fit with the stud than do the 
threads in the nut. The tighter fit usually is specified, 
and the stud is usually bottomed in the tapped hole, to 
facil itate removing the nut from the stud without 
removing the stud from the tapped hole .  Threads in 
tapped holes  o ften are damaged when studs are 
removed after a period of service. 

303-1.2 Methods of Repair - Alternatives 

This Article is intended to cover the repair of damaged 
threads in tapped blind holes in studded connections by 
one of the following methods: 

(a) drilling and tapping the existing stud holes to a 
larger size, and replacing the existing size fastener 
with one sized accordingly 

(b) drilling and tapping the existing stud holes to a 
larger size, for the purpose of installing helical-coil 
threaded inserts 

(c) filling the existing stud holes with weld metal, 
redrilling, and retapping the holes 

303-1.3 Repair Methods Not Covered 

Other methods that may be considered for repair of 
damaged threads, but are not covered in this Article, 
include the following: 

(a) retapping the existing stud holes with the same size 
tap (also referred to as "chasing" the threads) 

(b) replacement of the component containing the 
tapped holes 

NOTE: Most of the guidelines in this Article are intended for 
repair of damaged threads in tapped blind holes, as would 
be found in studded connections. While this Article does not 
specifically exclude applications such as holes that extend com­
pletely through the pressure component, the user is cautioned 
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that many o f  the requirements herein may not be applicable or 
sufficient to cover those cases. 

303-2 LIMITATIONS 

303-2.1 Additional Requirements 

Part 1 of this Standard contains additional require­
ments and l imitations. This Article shall be used in 
conjunction with Part 1. 

303-2.2 Retapping Existing Holes 

Unless visual examination of the threads in the stud hole 
indicates substantial damage to the threads, it is some­
times advantageous to attempt to retap the holes using 
the same size tap, a process known as "chasing" the 
threads. Sometimes the only problem is that corrosion 
products and/or residue from the process plugged the 
threads. 

303-2.3 Design Adequacy of Enlarging Stud Holes 

Enlargement of existing stud holes shall not be done 
until an engineering analysis confirms the design 
adequacy of the proposed assembly (see section 303-3). 

303-2.4 Repair of Cracks 

If an examination of the stud holes reveals cracks at the 
face of the hole opening (see section 303-5), those cracks 
shall be repaired prior to enlargement of existing stud 
holes, if the enlarged hole s ize is not sufficient to 
remove the cracks. 

303-2.5 Welding and Material Considerations 

If repairs involve welding, with or without postweld 
heat treatment, the potential exists for warpage of the 
assembly and possible leakage. For some materials 
(such as low alloy steels), subsequent postweld heat treat­
ment operations may adversely affect the material tough­
ness. Also, consideration shall be given to the potential for 
cracking of materials that may have experienced temper 
embrittlement. In these situations, either a welding or 
materials specialist, or both, should be consulted prior 
to commencing repairs. 
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303-2.6 Helical Coil Thread Inserts 

Helical coil thread inserts are generally available up to 
1 1;2 Unified Coarse Series (UNC).  The application of 
helical-coil threaded inserts shall be per the manufac­
turer's recommendations, particularly with respect to 
service conditions (internal, external), materials, and 
loadings. ASME 818.29.1 provides additional information. 

303-3 DESIGN 

303-3.1 Applicable Codes 

Upon completion of the repair, the design of the bolted 
assembly shall be in accordance with the original 
construction code or applicable post-construction code. 

303-3.2 Thread Modification 

A standard taper tap will produce incomplete tapped 
threads near the bottom of the tapped hole; even the 
use of a bottoming tap will not ensure a complete final 
thread. As a consequence, bottoming a fully threaded 
stud into a tapped hole that has incomplete threads 
near the bottom damages the full threads on the end 
of the stud. This almost ensures that the full threads in 
the tapped hole will be damaged as the stud with 
damaged threads is backed out. A practice that has 
been used successfully to prevent this from occurring 
is to remove some of the threads from the studs and 
to increase the depth of the tapped holes accordingly. 
A sketch with suggested dimensions is provided in 
Mandatory Appendix 303-1 .  

303-3.3 Enlargement of Existing Holes 

The design considerations specified in paras. 303-3 .3 .1  
through 3 03-3 .3 .3 are applicable to repair of damaged 
threads by enlarging the tapped hole diameter. 

303-3.3.1 Check ofThread Engagement. Before enlar­
ging the tapped hole diameter, the length of thread 
engagement shall be rechecked to ensure compliance 
with the requirements of the original construction 
code [e.g., ASME BPVC, Section VIII, Division 1, UG-43 
(g) ; ASME BPVC, Section VIII, Division 2,  AD-740; or 
ASME BPVC, Section VIII, Division 3, KD-615(b)] or appli­
cable post-construction code. 

NOTE: If the parts under consideration are not governed by the 
rules of the ASME Code, another applicable construction code or 
post-construction code, the design may refer to ASME B 1.1 (Non­
mandatory Appendix B, Thread Strength Design Formulas). 

303-3.3.2 Check of Flange Stresses. If the fastener 
diameter is increased, the flange stresses (including 
the untapped mating flange/cover) shall be rechecked 
to see if they remain within acceptable levels, given 
the potential for increased loads generated by the 
larger fastener diameter. This should include considera-
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ti on of increased bolt preload due to the larger fasteners 
on flange stresses due to bolt up. 

303-3.3.3 Tapered Studs. In some applications, it may 
be possible to replace the existing studs with a custom 
"tapered" stud (see Figure 303-3.3 .3-1 for an example), 
where one end of the stud retains its original diameter 
while the other end is enlarged. This maintains the 
design bolt loads consistent with the original design, 
avoids the need to drill larger holes in the mating 
flange/ cover, and permits the possible reuse of the nuts. 

303-3.4 Hole Enlargement Implications on Design 

When the existing tapped hole is drilled to a larger 
diameter, material is removed from the component 
containing the hole. The design shall consider the implica­
tions associated with this repair method to ensure that the 
remaining material provides sufficient strength to satisfy 
the intended design conditions. Mandatory Appendix 
303-11  offers an example of a check made to a studded 
outlet connection in a pressure vessel. 

303-3.5 Design of Helical Coil Thread Inserts 

Helical-coil threaded inserts shall satisfy the design re­
quirements of the original construction code or applicable 
post-construction code for the specified loading to be 
applied to the threaded connection.  In general, the 
design is based on balancing the tensile strength of the 
stud material against the shear strength of the component 
base material. For materials not listed in the original 
construction code or applicable post-construction code, 
primary stresses should not exceed the lesser of 2/3 of 
the minimum specified yield strength or %.s of the 
minimum specified tensile strength of the applicable 
material. 

303-4 FABRICATION 

303-4.1 Hole Depth of Penetration 

Drilled holes to be tapped shall not exceed the maximum 
depth of penetration through the thickness of the pressure 
component, as defined by the original construction code 
[e.g., ASME BPVC, Section VIII, Division 1, UG-43(d) or 
ASME BPVC, Section VIII, Division 2, AD-630], or applica­
ble post-construction code. 

303-4.2 Hole Preparation Before Welding 

If the damaged threads are repaired by filling the 
existing stud holes with weld metal, the holes shall be 
free of debr i s  and the existing threads removed 
(usually done by drilling out) to ensure that the new 
weld deposit does not include this material. 
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Figure 303-3.3.3-1 
Example of Tapered Stud 

457 mm ( 1 8 in . )  

31/4 i n .  8 U NC Class 3 Fit  3 in .  8 UNC Class 2 Fit  (Standard) 

1 .5 mm ( 1/1 6 i n . )  rad ius 

I I I I I I I I 75 mm (3 in . )  I I I I I 

I 1 43 mm (55/s in . )  I L 
,.....,_____________ 1 0  mm (3/8 in . )  [Note ( 1 ) ] 

1 65 mm (61/2 in . )  

NOTE: (1)  For other sizes, as  needed to  attain a 3 : 1  taper. 

303-4.3 Welding Procedures and Qualifications 

Welding procedures, welders, or welding operators, 
where used, shall be qualified in accordance with the 
original construction code or applicable post-construction 
code. 

303-4.4 Welding and Material Considerations 

Any special welding requirements, including preheat or 
postweld heat treatment, shall be in accordance with the 
original construction code or applicable post-construction 
code. Because of the potential for warpage of the compo­
nent, a welding/materials specialist should be consulted 
regarding procedures/processes, preheat, and postweld 
heat treatment. 

303-4.5 Flange Refinishing 

If the gasket contact surface has been warped as a result 
of weld repairs or heat treatment, it may require refin­
ishing (see Article 305) .  

303-4.6 Installation of Helical Coil Thread Inserts 

When helical-coil threaded inserts are used, they shall 
be installed in accordance with the manufacturer's 
instructions. 

303-4.7 Thread Galling and Lubrication 

Special attention should be given to prevent thread 
galling after assembly. In addition, lubricant should be 
applied to the bolt thread surface in accordance with 
ASME PCC-1, section 8. 
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303-5 EXAMI NATION 

303-5.1 Visual Examination 

Drilled holes shall be visually examined for workman­
ship, cleanliness, and evidence of cracking. 

303-5.2 Need for Additional NOE 

Where material deterioration or damage is suspected, 
additional nondestructive examination shall be consid­
ered. 

303-5.3 Examination Procedures 

Examination procedures shall be in accordance with the 
original construction code or applicable post-construction 
code. 

303-6 TESTING 

Testing requirements associated with modification of 
the flange assembly shall be in accordance with the ap­
plicable post-construction code. 

303-7 REFERENCES 

The following is a list of publications referenced in this 
Article. 

ASME Bl .1 -2003, Unified Inch Screw Threads (UN and 
UNR Thread Form) 

ASME B18.29.1-1993, Helical Coil Screw Thread Inserts -
Free Running and Screw Locking (Inch Ser ies) ,  
including Errata issued August 1995 

ASME Boiler and Pressure Vessel Code, 2007 Edition: 
Section VIII, Division 1 - Rules for Construction of 
Pressure Vessels; Section VIII, Division 2 - Alternative 
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Rules; Section VIII, Division 3 - Alternative Rules for 
Construction of High Pressure Vessels 

ASME PCC-1,  Pressure Boundary Bolted Flange Joint 
Assembly 
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Mandatory Appendix 303-1 
Recom mended Detail for Stud Threads Modification to Prevent 

Damage to Threads in Tapped Holes 

See Figures 303-1-1 through 303-1-3. 
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A B 
5/a-11 UNC-2 17/32 
%-10 UNC-2 2%2 
7/s-9 UNC-2 49/64 
1-8 UNC-2 7/s 

lYs-8 UN-2 1 
1%-8 UN-2 1% 
1 Yz-8 UN-2 1% 
1%-8 UN-2 1% 
2-8 UN-2 17/s 

GENERAL NOTES: 
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Figure 303-1-1 
Inch Thread Series (U.S. Customary Units) 

1/16 in .  x 45 deg chamfer 

� .� 
"O 

c 

Dimensions 

c D E 
11/16 7/16 19/16 
% 1/2 1% 

13/16 % 17/s 
7/s 11/16 23/i6 

7/s 13/16 25/i6 
7/s 

15/16 27/16 
7/s 13/16 2 11!16 
7/s 17/16 2 15/16 
7/s 111!16 33/16 

Tap dri l l  depth 

Ful l  thread depth 

Hmin 
Stud engag. 

F 
1 

1% 
13/16 
17/16 

19/16 
l 11/16 
1 15/16 
23/i6 
27/16 

Imperfect 
threads 

G 
%6 
% 

11/16 
% 

% 
% 
% 
% 
% 

0. 
� 

H J 
13/16 Per Section 
15/16 VIII, Div. 1, 

1 
UG-43 (d) 

13/i6 

1 %6 
17/16 
111!16 
115/16 
23/16 

(a) The tabulated dimensions satisfy ASME BPVC, Section VIII, Division 1, UG-43 (g) requirements for stud materials having an allowable stress of 
25,000 psi and tapped materials having an allowable stress of 20,000 psi at the design temperature for the joint. For materials having other 
allowable stresses, these dimensions must be adjusted accordingly. 

(b) Overall stud length may be determined by adding the Thickness of the Mating Flange + Nut Height + Gasket Thickness + E + Thickness of the 
Spacer (if any) + 1;4 in. 

(c) All dimensions in inches. 
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1 .5 mm x 45 deg chamfer 
A 

c 

A B c 
5/a-11 UNC-2 13 17 
%-10 UNC-2 17 19 
7/s-9 UNC-2 19 21  
1 -8  UNC-2 22 22 

11/s-8 UN-2 25 22 
1 ';.-8 UN-2 29 22 
11/z-8 UN-2 35 22 
1%-8 UN-2 41 22 
2-8 UN-2 48 22 

GENERAL NOTES: 
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Figure 303-1-2 
Inch Thread Series (SI Units) 

D 
1 1  
13  
16  
17  

21  
24  
30 
37 
43 

Tap dr i l l  depth 

Fu l l  th read depth I mperfect 
threads 

Stud engag. 

Dimensions 

E F G 
40 25 14 
44 29 16 
48 30 17 
56 37 19 

59 40 19 
62 43 19 
68 49 19 
75 56 19 
81 62 19 

H J 
21  Per Section 
24 Vlll, Div. 1, 

25  
UG-43(d) 

30 

33 
37 
43 
49 
56 

(a) The tabulated dimensions satisfy ASME BPVC, Section Vlll ,  Division 1, UG-43 (g) requirements for stud materials having an allowable stress of 
173 MPa and tapped materials having an allowable stress of 138 MPa at the design temperature for the joint. For materials having other 
allowable stresses, these dimensions must be adjusted accordingly. 

(b) Overall stud length may be determined by adding the Thickness of the Mating Flange + Nut Height + Gasket Thickness + E + Thickness of the 
Spacer (if any) + 6 mm. 

(c) Dimensions in columns B through H are in millimeters. 
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Figure 303-1-3 
Metric Thread Series (SI Units) 

Em in 
Tap dri l l  depth 

Fmin Gm ax 

Ful l  thread depth Imperfect 
threads 

1 .5 mm x 45 deg chamfer 
0. 
� 

� -� 
"O 

c 

Hmin 
Stud engag. 

Dimensions 

A B c D E F G H J 
M 14-2 12 17 10 36 22 14 19 Per Section 
M 16-2 14 17 12 39 25 14 22 Vlll, Div. 1, 

M20-2.5 17 19 13 45 29 16 26 
UG-43(d) 

M24-3 21  22 16 55 36 19 29 
M27-3 24 22 19 58 39 19 32 
M30-3 28 22 23 61 42 19 35 

M33-3 31 22 26 63 44 19 38 
M36-3 33 22 28 66 47 19 41 
M39-3 36 22 31  69  50 19 44 
M42-3 39 22 34 72 53 19 47 
M45-3 42 22 37 75 56 19 50 
M48-3 45 22 40 78 59 19 53 

GENERAL NOTES: 
(a) The tabulated dimensions satisfy ASME BPVC, Section Vlll, Division 1, UG-43 (g) requirements for stud materials having an allowable stress of 

173 MPa and tapped materials having an allowable stress of 138 MPa at the design temperature for the joint. For materials having other 
allowable stresses, these dimensions must be adjusted accordingly. 

(b) Overall stud length may be determined by adding the Thickness of the Mating Flange + Nut Height + Gasket Thickness + E + Thickness of the 
Spacer (if any) + 6 mm. 

(c) All dimensions in millmeters. 
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Mandatory Appendix 303-1 1  
An I llustrative Example Showing an Engineering Analysis 

Associated With Enlarging a Tapped Hole 

303-1 1-1 EXAMPLE 1 

The following is an illustrative example showing an 
engineering analys i s  associated with enlarging a 
tapped hole: 

Consider the studding outlet fitting as shown below. 

1 0.75 in .  

l_ 
A, 

r:-------4 1  in .  
8.3125 i n .  I 

l . t  73. 1 25 i n .  
8.4508 i n .  to tangent I l i ne (T/L) 

8.8577 i n .  I 
1..--+--+-- 24.375 i n .  

t, 
-� 

/ - - - - -- - - - -A;- 2 .21 1 4  in .  

I 
8.9375 in .  • It 

..... :----- 42.25 i n .  

6 1 . 1 875 i n .  

I 

VESSEL DATA: 

(1) Design pressure: 2160 psig at 840°F 
(2) Shell: SA-387 Gr. D w/347 SS weld overlay 
(3) Studs: 3 in. 8 UN stud bolt, SA-193-816 material 
(4) Forging: SA-336-F22 w/347 SS weld overlay 
(5) Allowable stress of forging @ 840°F, Sp = 14,520 psi 
(6) Allowable stress of stud bolt @ 840°F, S8 = 2 1,200 psi 

NOTE: While removing the existing 3 in. diameter studs, some of 
the stud holes were found to have stripped threads. The calcula­
tions that follow are intended to assess the adequacy of the 
design if the stud holes are enlarged to 31/4 in. 

303-1 1-1.1 Nomenclature 
A total cross-sectional area required in the 

plane under consideration, in.z 

Ai area of excess thickness in the vessel shell 
available for reinforcement, in. z [see 
ASME B PVC, Section VII I ,  Division 1 ,  

UG-37(a)] 

129 

A4 (3% in.J 

As = 
ASS = 

d 

Di max. 

Dz 
dz min. 

ds = 
E = 

F = 

H = 

area of excess thickness in the nozzle wall 
available for reinforcement, in. z [see 
ASME BPVC, Section VIII ,  Division 1 ,  
UG-37(a)] 
area available for reinforcement when the 
nozzle extends inside the vessel wall, in.z 

[see ASME BPVC, Section VIII, Division 1, 

UG-37(a)] 
cross-sectional area of the stud hole, in. 
cross-sectional area of a stud hole asso­
ciated with a 3 in. diameter stud, in. 
cross-sectional area of a stud hole asso­
ciated with a 3% in. diameter stud, in. 
tensile stress area, in. z 

minimum thread shear area for external 
threads, in. 
base length of that portion of nozzle 
defining the area A3 projecting inward 
from inner surface of vessel, in . 
finished diameter of the opening, in. [see 
ASME BPVC, Section VIII ,  Division 1, 

UG-37(a)] 
maximum minor diameter of internal 
thread, in. 
basic pitch diameter, in. 
minimum pitch diameter of  external 
thread for class of thread specified, in. 
nominal diameter of the stud, in. 
edge distance from centerline of stud to 
outer edge of the forging, in. 
joint efficiency of the nozzle neck 
joint efficiency of the shell [see Ei in ASME 
BPVC, Section VIII, Division 1, UG-37(a)] 
correction factor that compensates for the 
variation in internal pressure stresses on 
different planes with respect to the axis of 
a pressure vessel [see ASME BPVC, Section 
VIII, Division 1, UG-37(a)] 
h e i gh t  o f  fu n d a m e n t a l  t r i a n g l e ,  
0.86602Sp, in. 
height of that portion of nozzle defining 
the area A3 proj ecting inward from 
inner surface o f  vessel, in. 
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h; height of inside of that portion of nozzle 
defining area Az projecting outward from 
outer surface of vessel, in. 

h0 height of outside of that portion of nozzle 
defining area Az projecting outward from 
outer surface of vessel, in. 

L inside spherical radius for hemispherical 
head, in. 

Le length of engagement, in. 
p thread pitch (I/number of threads per 

inch), in. 
P design pressure, psi 
q degree of plane with the longitudinal axis 

of the vessel, (see ASME BPVC, Section 
VIII, Division 1, Figure UG-37) 

Rn Inside radius of the nozzle under consid­
eration, in. 
allowable stress of stud bolt, psi 
allowable stress of forging, psi 
allowable stress of shell, psi 
specified vessel wall thickness, in. [see 
ASME B PVC, Section VII I ,  Division 1 ,  
UG-37(a)] 
required thickness of the shell, in. [see 
ASME B PVC, Section VII I ,  Division 1, 
UG-37(a)] 
required thickness of a seamless nozzle 
wall, in. [see ASME BPVC, Section VIII, 
Division 1, UG-37(a)] 
sum of areas contributing to reinforce­
ment, Ai + Az + A3, in. 

303-1 1-1.2 Evaluate Length of Engagement, Le 
Per ASME BPVC, Section VIII, Division 1, UG-43 (g) the 

minimum thread engagement length is the larger of ds (the 
nominal diameter of the stud) or 

maximum allowable stress value of 
stud material at design temperature 

0.75ds X maximum allowable stress value of 
tapped material at design temperature 

= 0.75(3.25) X 
21' 200 

= 3.564 in. 
14, 500 

Since this value is larger than ds (3 .25 in.), the required 
length of engagement, L0 is 3.564 in. 

Since actual thread depth ( 4i/z in.) exceeds calculated L0 
length of engagement is adequate. 

NOTE: The required length of engagement will be checked with 
the criteria in ASME Bl. 1-2003, in part for illustrative purposes, 
but also because some of the values for diameters will be used 
further in the analysis. 
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303-11-1.2.l Length of Engagement, Le, Using Criteria 
From ASME Bl.1-2003, Nonmandatory Appendix B 

2(ASJ 

3. 1416D1 max. [ 1/2 + 0.57735(1/p ) (d2 min. - D1 max.)] 

(D2 3H )2 
A = 3.1416 - - -s 2 16  

where 
As tensile stress area of thread 

ASs minimum thread shear area for external 
threads 

Di max. 

Dz 
dz min. 

H 

maximum minor diameter of internal 
thread, in. 
basic pitch diameter 
minimum pitch diameter of external thread 
for class of thread specified, in. 
0.866025404p = 0.866025404/8 = 0.1083 
minimum length of engagement, in. 

NOTE: ASME Bl.1 defines length of engagement 
as LE 

1/p = number of threads per inch 

NOTE: The factor of2 in the numerator of the above equation for 
Le means that it is assumed that the area in shear of the stud is 
twice the tensile stress area to develop the full strength of the 
stud. This value is slightly larger than required and provides a 
small factor of safety against stripping. 

For a 3i;4 in. 8 UN stud bolt: 

Class 2 Fit Class 3 Fit Comments 

D1 max. 3 .140 3.1297 From ASME Bl .1, Table 3A 
dz min. 3 .1575 3.1623 From ASME Bl .1, Table 3A 

Dz 3.1688 3.1688 From ASME Bl .1, Table 13 

For a Class 2 fit: 

[ 3.1688 3(0.1083) ]2 
__ 8.0898 1.n.2 A5 = 3.1416 -

2
- -

16 

Substitute the value of As (tensile stress area) for the 
value of ASs (minimum thread shear area of internal 
threads) and solve for the thread engagement, Le 

2 x 8.0898 

Le 
= 

3.1416  x 3.140 [ 1/2 + 0.57735 x 8( 3.1575 - 3.140)] 
= 2.823 in. 



ASME PCC-2-2022 

For a Class 3 fit: 

[ 3 1688 3(0. 1083) ]2 - . 2 A5 = 3.1416 -·-
2
- - - 8.0898 m. 

16 

2 x 8.0898 

3 .1416  x 3.1297 [ 1/2 + 0.57735 x 8(3.1623 - 3.1297)] 
= 2.529 in. 

Since actual thread depth ( 41/2 in.) exceeds calculated L0 
length of engagement is adequate for either a Class 2 or 3 
fit. 

Check distance required from the edge of the nozzle 
forging to the centerline of the stud bolt 

force generated by stud bolt = SJ05 

maximum allowed force on forging = �[ (2E)2 - d5 2]sp 

Assuming the new stud diameter of 3 % in., set the force 
the maximum allowed force on the forging and solve for 
the minimum edge distance, E 

S_sA5 = �[ (2E)2 - d5 2]sp 
21,200 x 8.0898 = �[(2E)2 - 3.252] 14,520 

E = 2.523 in. 

The actual edge distance of 3 in. exceeds the required 
minimum edge distance, E. 
NOTE: Enlargement of the existing 3 in. 8 UN Stud Bolt to a 31/4 in. 
8 UN Stud Bolt appears to be okay; however, nozzle opening 
reinforcement should be verified. 

303-11-1.3 Nozzle Reinforcement Calculation 

Minimum thickness of hemispherical head, tr: 
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PL 2160 x 61 . 1875 
25,F,5 - 0.2P 

= 4.62 in. 
(2 x 14,520 x 1 .0) - (0.2 x 2160) 

Minimum thickness of nozzle neck, trn 
2160 x 12.1875 

SpEn - 0.6P 
1.99 in. 

( 14,520 x 1 .0) - (0.6 x 2160) 

Required reinforcement area, A 
A = 0.5dtrF = 0.5 x 24.375 x 4.62 x 1 .0 = 56.305 in.2 

Available reinforcement 

A1 = 0.5d (t - trn) = 0.5 X 24.375(4.625 - 4.62) 
= 0.061 in.2 

A2 1/2 (ho + h;) ( tn - trn) 

1/2 x ( 10.75 + 8.8577) x (8.3125 - 1 .99) 
= 61 .985 in.2 

A1 + A2 + A3 = 0.061 + 6 1 .985 + 9.8822 
7 1 .928 in.2 

Subtract stud hole area from EAn : 
(a) For a 3 in. stud bolt: 

A4 = (d5 X stud depth) + [ 1/2 X d5 X (dsf2 7 tan 59)] 
= (3 X 4.5) + ( 1/2 X 3 X 0.901 ) = 14.852 in.2 

Therefore, available reinforcement 

LAn - A4 = 71.928 - 14.852 = 57.076 in.2 > A  

(b} For a 31/4 in. stud bolt: 

A4 = (d5 X stud depth) + [ 1/2 X d5 X (dsf2 7 tan 59)] 
= (3.25 x 4.5) + ( 1/2 x 3.25 x 0.976) = 1 6.2 1 1  in.2 

Therefore, available reinforcement 

LAn - A4 = 7 1 .928 - 16.2 1 1  = 55.72 in.2 < A 

NOTE: Ifwe consider on a given plane through the nozzle center­
line that only one stud hole is enlarged to 3% in. while main­
taining the opposite hole diameter at 3 in. we may be able to 
calculate the required reinforcement, A, as follows: 
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A = 2 X 56.305 = 112.61 in.2 

L; A  = 2 X 71.928 - A4 (3 y4 in.) = A4(3 in.) 

= 2 x 71.928 - 14.8 - 16.03 = 1 13.03 > 1 12.61 

303-1 1-2 EXAMPLE 2 

Example 1 in section 303-11-1 is for a centrally located 
opening in a spherical shell. Example 2 has been modified 
for an opening in a cylindrical shell, to illustrate the differ­
ence associated with studs that straddle the natural 
centerlines such that the required area for the nearest 
pair of tapped holes would be in a plane of reduced 
required reinforcement area. Only the reinforcement 
calculation is repeated here, the preceding calculations 
involving length of engagement and edge distance 
remain valid. 

NOTE: Enlargement of the existing 3 in. 8 UN stud bolt to a 31;4 in. 
8 UN Stud Bolt appears to be okay; however, nozzle opening 
reinforcement should be verified. 

303-1 1-2.l Nozzle Reinforcement Calculation 

303-1 1 -2.1.l Minimum Thickness of Cylindrical Shell, 
tr. For the purposes of this illustrative example, the 
minimum thickness of the cylindrical shell, tn will be 
assumed to be the same as that for the spherical shell 
(4.62 in.). 

303-1 1-2.1.2 Minimum Thickness of Nozzle Neck, trn 

SpEn - 0.6P 
= 1 .99 in. 

2160 x 12.1875 
(14,520 x 1.0) - (0.6 x 2160) 

The nozzle in this example will be installed in the cy­
lindrical shell such that the studs will straddle the natural 
centerlines of the vessel. The reinforcement area will be 
checked in the plane containing the hole closest to the 
longitudinal axis of the vessel. 

5 
0 

axis 

0 1 1  

0 
7 

132 

The forging contains 16 studs, thus the angle defined by 
adjacent studs is: 360 .;. 16 = 22.5 deg. 

Since the stud holes straddle the natural centerlines of 
the vessel, the angle e from the longitudinal centerline to 
the adjacent stud hole is: 22.5 .;. 2 = 1 1.25 deg. 

From ASME BPVC, Section VIII, Division 1, Figure UG-37, 
for angle e of 11 .25  deg, F = 0.98. 

Required reinforcement area, A 
A = 0.5dtrF = 0.5 X 24.375 X 4.62 X 0.98 = 55. 18 1  in.2 

Available reinforcement 

A1 = 0.5d (t - trn) = 0.5 X 24.375(4.625 - 4.62) 
= 0.061 in.2 

A2 l/2 Cho + h;) (tn - trn) 
1/2 x ( 10.75 + 8.8577) x (8.3 125 - 1.99) 

= 61 .985 in.2 

L An = A1 + A2 + A3 = 0.061 + 61.985 + 9.8822 
= 71.928 in.2 

Subtract stud hole area from LAn : 
(a) For a 3-in. stud bolt 

A4 = ( d5 X stud depth) + [ 1/2 X d5 X ( dsf 2 7 tan 59)] 
= (3 X 4.5) + ( 1/2 X 3 X 0.901) = 14.852 in.2 

Therefore, available reinforcement 

LAn - A4 = 71.928 - 14.852 = 57.076 in.2 > A  

(b} For a 3 1kin. stud bolt 

A4 = (d5 X stud depth) + [ 1/2 X d5 X (dsf2 7 tan 59)] 
= (3.25 X 4.5) + ( 1/2 X 3.25 X 0.976) = 16.2 1 1  in.2 

Therefore, available reinforcement 

LAn - A = 71 .928 - 16.2 1 1  = 55.72 in.2 > A 
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Article 304 
Flaw Excavation and Weld Repair 

304-1 DESCRIPTION 

Surface flaws see Figure 304-3 .1-1, or embedded flaws 
see [Figure 304-3.1-2, illustration (a)] in base material or 
welds that exceed the allowances of  the applicable 
construction code or post-construction code can be 
removed by excavation [see Figure 304-3 .1-1, illustration 
(b); and Figure 304-3 .1-2, illustration (b)] .  The remaining 
cavity can be filled with weld filler metal [see Figure 
3 04-3 .1-1, illustration (c); and Figure 304-3.1-2, illustra­
tion ( c )], or left as-is, under conditions described in this 
Article. Depending on the type and location of the flaw, and 
the type of base metal or weld material, excavation can be 
accomplished by mechanical removal methods (grinding, 
machining, lapping, honing, or flapping), or by thermal 
removal methods (thermal gouging). Descriptions of 
these excavation techniques are provided in Mandatory 
Appendix 304-1. 

304-2 LIMITATIONS 

304-2.1 Additional Requirements 

Part 1 of this Standard contains additional require­
ments and l imitations. This Article shall be used in 
conjunction with Part 1. 

304-2.2 Grinding 

304-2.2.1 Grinding wheels shall not be forced or over­
loaded, in order to avoid the safety hazards from wheel 
failure. Furthermore, overloading the grinding wheel can 
cause areas of localized high temperature in the substrate 
being ground, leading in some cases to the formation of 
brittle untempered martensite, or tight, shallow surface 
cracks. Abusive grinding and uneven and rough finish can 
result in reduced fatigue strength or premature failure due 
to the introduction of large surface residual tensile 
stresses and stress risers. These problems normally 
can be avoided by using lighter grinding practices that 
avoid surface oxidation, evident through discoloration. 
It may be necessary to preheat some high strength 
alloy steels prior to grinding. Grinding wheels are manu­
factured to be used on specific materials (ferritic or aus­
tenitic steels, masonry, etc.). Therefore, only grinding 
wheels specifically designed to work on the material 
being ground shall be used. Rotary files should be consid­
ered for nickel alloys. 
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304-2.2.2 Grinding or cutting consumables used on 
carbon or low alloy steel materials will become impreg­
nated with residues of those materials and become unsui­
table for use with austenitic stainless steels. Abrasive 
cutting or grinding consumables should be segregated 
for use on carbon and low alloy steels from those used 
for austenitic stainless steel substrates. Surface contam­
ination of austenitic stainless steel with carbon or low 
alloy steel residues can result in surface corrosion or 
pitting of the austenitic stainless steel. To avoid such prob­
lems, only grinding wheels designated as austenitic stain­
less steel grinding wheels shall be used on these materials. 

304-2.2.3 When grinding out stress corrosion cracks 
in stainless steel, or in the case of steels that have suffered 
from anodic stress corrosion cracking (such as amine or 
caustic stress corrosion cracking), it is necessary to qualify 
and control the amount of heat generated to avoid making 
the cracks deeper and longer as a result of excessive heat. 
Steel contaminated with caustic or amines can also 
recrack during welding repairs or thermal cutting. Appro­
priate cleaning procedures shall be used prior to excava­
tion or repair. 

304-2.2.4 In tight spaces, burring tools may be used in 
place of grinding wheels. 

304-2.3 Machining 

When cutting fluids are used, care shall be taken to 
prevent their contact on surfaces where they may be detri­
mental. Furthermore, chips of the machined metal shall be 
controlled and kept from entering components where 
their presence can be detrimental. 

304-2.4 Honing 

The honing speeds shall be adjusted as a function of 
length-to-bore ratio of the component and its material 
hardness. 

304-2.5 Flapping 

304-2.5.1 Flapping should only be used to smooth or 
polish a surface. Flapping is unsuitable for removing 
defects other than superficial surface blemishes. 

304-2.5.2 The abrasive marks of the flapper should be 
directed perpendicular to the direction of the preceding 
pass. Marks of the preceding pass should be removed prior 
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Figure 304-3.1-1 
Excavation and Weld Repair of Surface Flaw 
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GENERAL NOTE: A 3-to-1 taper is not required when the cavity will be 
filled with weld metal. 

Figure 304-3.1-2 
Excavation and Weld Repair of Embedded Flaw 
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GENERAL NOTE: A 3-to-1 taper is not required when the cavity will be 
filled with weld metal. 
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to proceeding to the next finer grit. In this way, distortion 
of the surface will be minimized and smooth surfaces can 
be obtained. 

304-2.6 Thermal Gouging 

304-2.6.l When thermal gouging by carbon arc or 
plasma arc, the very rapid heating to molten temperatures 
and subsequent quenching to ambient temperature can 
result in hardened or brittle heat-affected zones. This ther­
mally affected material should be subsequently removed 
by a mechanical process, such as grinding. 

304-2.6.2 For some materials it may be necessary to 
preheat the metal prior to arc gouging in order to prevent 
cracking, in particular materials that are required to be 
postweld heat treated by the construction code or 
post-construction code. 

304-2.7 Generalized Damage 

This repair technique applies well to local defects. 
Where damage is extensive, such as general stress corro­
sion cracking of stainless steel, replacement should be 
considered. 

304-3 DESIGN 

304-3.1 Excavation Without Weld Deposit 

M a t e r i a l  o r  we ld  fl aws  o p e n  to the  su rface 
[Figure 304-3 .1 -1, illustration (a)] or embedded flaws 
[ Figure 3 0 4 - 3 . 1 - 2 , i l lustration (a)]  are typical ly 
removed by a mechanical (abrasive) method (Figure 
304-3 . 1-3) .  If the remaining wall thickness of the excava­
tion, with allowance for future corrosion, is greater than 
the minimum required wall thickness required by the ap­
plicable construction code or post-construction code, such 
as the local thin area rules of API 5 79-1/ ASME FFS-1, then 
the excavated area may be blended to a 3 : 1  or smoother 
profile slope, and left as-is for return to service. 

304-3.2 Weld Deposition 

When the removal of a flaw produces a remaining wall 
thickness below the limit permitted by the applicable 
construction code or post-construction code, including 
allowance for future corrosion, then the cavity shall be 
r e p a i r e d  b y  d e p o s i t i o n  o f  w e l d  m e t a l  
[Figure 304-3 .1-1, illustration (c) and Figure 304-3.1-2, 
illustration (c)] or analyzed for fitness-for-service. 
When the depth of material excavated necessitates a 
weld repair, the cavity shall be prepared for welding. 
Either during or following defect removal, the excavation 
shall be shaped to provide adequate access for the welding 
operation in order to facilitate proper fusion, and avoid 
slag entrapment, or lack of penetration. To minimize weld 
shrinkage stresses, the width of the cavity should only be 
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Figure 304-3.1-3 
Grinding of Weld Flaw 

as wide as needed to ensure defect removal and to facil­
itate welding as previously described. 

304-3.3 Mechanical Excavation 

If the excavation is performed using a thermal removal 
process (carbon arc or plasma arc gouging), an additional 
1.5 mm (1/16 in.) of material shall be removed by a mechan­
ical removal process such as grinding, prior to the final 
inspection and before welding begins. This is necessary 
to remove any surface cracks, hardened material, scale, or 
carbon deposit. 

304-4 FABRICATION 

304-4.1 Repair Steps 

The requirements specified in paras. 304-4.1 . 1  through 
304-4.1.5 are generally followed to excavate a flaw. 

304-4.1.l Locate and expose the flaw. Characterize the 
flaw (size, depth, orientation) to the extent possible. If the 
flaw is a crack, the crack tips may be rounded by drilling to 
preclude crack from propagating during its excavation. 

304-4.1.2 Remove the flaw by grinding, machining, 
honing, or thermal gouging. In selecting and applying a 
r e m o v a l  p r o c e s s , r e fe r  t o  t h e  g u i d a n c e  i n  
sections 304-2 and 304-3. 

135  

304-4.1.3 Verify defect removal by inspecting the 
cavity using visual examination (VT) and liquid penetrant 
testing (PT}, magnetic particle testing (MT}, or eddy 
current testing (ET) as appropriate. Measure the 
remaining wall thickness of the excavated cavity using 
an approved thickness measurement technique. I f  
remaining is greater than the minimum required thick­
ness as determined by a fitness-for-service evaluation, 
the excavation cavity need not be fil led with weld 
deposit, as provided in para. 304-3 .1 .  

304-4.1.4 When required by design (section 304-3), 
repair the cavity by welding according to a qualified 
welding procedure specification (WPS), using a qualified 
welder, as required by the applicable construction code or 
post-construction code. 

304-4.1.5 Perform preheat or postweld heat treat­
ment, when required by the applicable construction 
code or post-construction code, as indicated by owner­
user specification, or as dictated by service conditions. 

304-4.2 Special Fixtures 

In some cases, special fixtures may be required to 
accomplish precision work. In addition, it is often bene­
ficial to develop special gages to monitor the depth of 
metal removal and to prevent excessive material from 
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being removed. Special contour templates or common 
carpenter gages may be used and may be integrated 
into special fixtures. 

304-5 EXAMI NATION 

304-5.1 Critical Service 

In critical service applications, following a local repair, 
the final surface and adjacent area shall be examined using 
VT and PT, MT, or ET, in accordance with the defect accep­
tance criteria of the applicable construction code or post­
construction code. 

304-5.2 Volumetric Examination 

Volumetric examination (RT or UT) shall be considered 
where there is a possibility of flaws introduced during 
repair welding, such as shrinkage cracks from deep 
weld repairs in thick sections. 

304-5.3 Additional Examinations 

Additional examinations shall be performed if required 
for similar welds by the applicable construction code or 
post-construction code. 

304-6 TESTING 

304-6.1 Applicability 

Generally, and unless specified otherwise in the appli­
cable construction code or post-construction code, weld 
repairs that have fully penetrated the component wall 
should be subjected to either leak testing or volumetric 
examination, or both, following the repair and any post­
weld heat treatment to verify the integrity of the repair. 
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304-6.2 Test Method 

If a leak test is performed, it may be hydrostatic, pneu­
matic, sensitive leak, or in-service as required by the ap­
plicable construction code or post-construction code. 

304-6.3 Exemption 

When the excavation does not fully penetrate the 
component pressure boundary, leak testing may be 
waived. 

304-7 REFERENCES (22) 

The following is a list of publications referenced in this 
Article. Unless otherwise specified, the latest edition shall 
apply. 

ANSI 8 7.1 ,  Safety Requirements for the Use, Care and 
Protection of Abrasive Wheels 

ANSI 8 74.2, Specifications for Shapes and Sizes of Grinding 
Wheels, and for Shapes, Sizes and Identification of 
Mounted Wheels 

ANSI 874.13, Markings for Identifying Grinding Wheels 
and Other Bonded Abrasives 

Publisher: American National Standards Institute (ANSI), 
25 West 43rd Street, New York, NY 10036 
( www.ansi.org) 

AP! 5 79-1/ ASME FFS-1, Fitness-for-Service 
Publisher: American Petroleum Institute (AP!), 200  

Massachusetts Avenue NW, Suite 1 100, Washington, 
DC 20001-5571 (www.api.org) 
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Mandatory Appendix 304- 1 
Metal Removal Process 

304-1-1 FLAPPI NG 

Flapping is a metal removal process involving a rotating 
tool fabricated of abrasive papers. Flapper wheels come in 
a variety of grit sizes and should be worked from the more 
coarse grit to the finer grit. 

304-1-2 GRINDING 

(a) Grinding is  the process of abrading the surface of a 
material for the purpose of removing portions of the mate­
rial. The process is used to remove localized cracks, pits, 
deposits, hardened surfaces, etc. Equipment used for 
grinding includes penci l  or small disc grinders to 
remove local defects, and large disc or wheel grinders 
to remove larger defects. The grinding equipment can 
be el ectric or a i r -dr iven; with wheels  of various 
shapes, sizes, and abrasive characteristics. 

(b) Every grinding wheel has two constituents: the 
abrasive that does the cutting and the bond that holds 
the abrasive component. Variations of these components 
can be selected to give a wide range of grinding charac­
teristics. The three American National Standards Institute 
(ANSI) standards that provide specifications for grinding 
wheels are as follows: 

(1) ANSI 874.13,  Markings for Identifying Grinding 
Wheels and Other Bonded Abrasives 

(2) ANSI 874.2, Specifications for Shapes and Sizes of 
Grinding Wheels, and for Shapes, Sizes and Identification 
of Mounted Wheels 

(3) ANSI 87.1,  Safety Requirements for the Use, Care 
and Protection of Abrasive Wheels 

(c) Manual grinding is generally divided into one of 
three categories: 

(1) rough grinding - relatively rapid removal of 
excess weld metal or base material using coarse abrasives 

(2) polishing and blending - achieving a semi­
smooth finish, using medium abrasives 

(3) buffing - achieving a lustrous and reflective 
finish, using fine abrasives usually in a paste or liquid 
vehicle 

304-1-3 HONING 

(a) Honing is an abrasive process that is used to obtain 
a fine finish on the inside surface of a cylindrical compo­
nent. 
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(b) Honing tools are placed in  the bore of  the compo­
nent and a radial load is applied such that the honing 
stones are in contact with the bore surface. The hone 
is then rotated in the bore, generating a high-quality 
surface. 

(c) Honing stones generally are manufactured of 
aluminum oxide, silicon carbide, or diamond abrasive 
grits, held together by vitrified clay, resin, or a metal 
bond. The grain and grade of abrasive to be used is 
based on the amount of stock to be removed and the 
surface finish desired. Silicon carbide is generally used 
for cast iron, while aluminum oxide is generally used 
on steel. As with grinding discs and lapping compound, 
the finer the grit, the finer the surface finish. 

304-1-4 LAPPING 

(a) Lapping is a polishing technique that can be used to 
prepare surfaces requiring a very smooth finish. Lapping 
is not economical for removing deep defects. A general 
rule of thumb is that lapping methods are suitable for 
shallow defects less than 0.05 mm (0.002 in.). Defects 
located greater than this depth should be removed by 
other methods. 

(b} Lapping machines are available as portable or 
bench-type systems. In many cases, lapping is performed 
with special discs or plates made specifically for a given 
type of application. These plates are normally very thick to 
maintain dimensional stability. After defect removal, the 
surface should be lapped to the finish and dimensions 
specified by the design. 

304-1-5 MACHI NING 

(a) Machining using portable equipment can provide 
for defect removal and weld preparation in a single 
step. Machining with mechanized cutting equipment is 
used to remove defects with precision. Machining equip­
ment used to remove defects or prepare a surface for 
repair include boring bars, milling machines, magnetic 
drills, flange facers (portable lathes), and pipe cutting 
and beveling machines. Machining has the advantage 
of cutting and forming the weld preparation with a 
single piece of equipment while closely controlling dimen­
sional tolerances. 
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{b} Portable boring bars have been used where circum­
ferential machining of a bore is required, such as in valve 
maintenance. Other bars are available with accessories to 
grind or mill unique geometries, and to drill and tap stud 
holes. 

(c) Portable milling machines can be used to remove 
localized materials at a faster rate than machines mounted 
on the component outer or inner diameters. Small milling 
machines have been developed to operate in relatively 
restricted locations. 

(d) Machining generally involves the use of cutting 
fluids that perform several functions including lubrica­
tion, cooling, and chip removal. 

304-1-6 TH ERMAL GOUGING 

(a) In situations where defects are found to be exten­
sive and where accuracy is not critical, thermal gouging 
(carbon arc gouging or plasma arc gouging) can be used 
effectively. 

(b) Thermal gouging techniques are thermal removal 
processes that involve localized melting of the metal, 
which is quickly swept away by the force of high velocity 
air or gas jets. 

304-1-7 BOAT SAMPLE CUTTING 

[a) Boat samples are metal samples in the shape of a 
boat hull that are cut out from base metal, weldments, or 
weld heat-affected zones (Figure 3 04-I-7-1) .  The process 
can be used for removal of weld defects, but is more 
commonly used for obtaining samples of base materials 
or welds for metallurgical or mechanical testing. 

{b} Boat sample cutters, sometimes referred to as weld 
probers or trepanning machines, are mechanical devices 
designed to remove a portion of a weld or metal plate 
by saw cutting from the plate surface. The machine is 
a saw with a dished shape blade, capable of excavating 
and removing a boat-shaped specimen from a flat 
surface in any position. 
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[c) Boat sample cutters can be air  powered or electric 
motor driven. They are portable devices that are easily 
mounted on the surface of the material to be excavated 
by means of four anchoring bolts welded to the surface. 
Shim spacers are used to adjust the width and depth of cut 
by controlling the space between the saw mounting frame 
and the surface of the plate. 

[ d) Once securely mounted on the anchor bolts, the 
cutting process begins by making a single cut at the 
edge of the material to be excavated. The curved blade 
is fed into the material until the desired depth is achieved 
and the saw circumference is at right angles to the joint. 
The blade is then retracted, the saw rotated 180 deg and a 
second cut is made. The two cuts meet automatically in the 
same plane and the excavation is complete. 

(e) Boat samples can be cut either longitudinal or trans­
verse with respect to the weld joint. They are boat shaped 
and the cut sides have a spherical curvature. The size 
varies in proportion to the thickness of the plate being 
cut; however, specimens can range from a small size of 
1/8 in. depth x 2% in. length x % in. width to a large 
size of 1 in .  depth x 4% in. length x 1 1/2 in. width. 
Larger specimens can be excavated with specially 
designed equipment. 

(f) The excavated boat samples are large enough to 
allow for various mechanical testing processes. Cross 
sections  of  the "boats" can be used for hardness 
testing or metallographic inspection. Full-length speci­
mens can be machined for tensile testing, bend testing, 
or Charpy V-notch impact testing. 

(g) Once the boat sample has been removed, the cutter 
can be detached from its mounted position and the anchor 
bolts can be removed from the plate surface. The cavity left 
by the removal of the excavated boat sample is very condu­
cive to repair welding. The tapered nature of the cavity 
ends and the sloping curvature of the cavity walls allow 
complete and easy access for most welding processes. 
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Figure 304-1-7-1 
Boat Sample 
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Article 305 
Flange Repair and Conversion 

305-1 DESCRIPTION 

305-1.1 Introduction 

This Article applies to the refinishing of flange faces to 
repair mechanical imperfections or damage from corro­
sion or other damage in service, or to changing the flange 
face finish to enable the use of a different gasket. The 
surface finish of a flange contact surface is essential to 
the leak tightness of the gasketed joint. When surface 
finish deteriorates in service, it can become necessary 
to either replace the flange or refinish the flange face. 

305-1.2 Work Location 

The repair can be performed in situ using a portable 
machine tool, or the pipe section or equipment containing 
the damaged flange can be removed and repaired in the 
shop. 

305-2 LIMITATIONS 

305-2.1 Additional Requirements 

Part 1 of this Standard contains additional require­
ments and limitations. This Article shall be used in 
conjunction with Part 1. 

305-2.2 Recurrence of Damage 

Flange refinishing will restore the flange facing but may 
not eliminate the cause of the initial imperfection or 
damage. Therefore, the imperfection or damage may 
recur. Consideration shall be given to the possible recur­
rence of the original imperfection/damage mechanism. 

305-2.3 Remaining Thickness 

The flange may not be sufficiently thick to permit metal 
removal by machining and still meet the minimum thick­
ness required for the design pressure rating. In such a case, 
it will be necessary to increase the flange ring thickness by 
weld metal buildup before remachining the surface. As an 
alternative solution, a split ring flange may be added to the 
back of the existing flange to compensate for reduced 
flange ring thickness, where geometry and spacing 
permits, and as qualified by the appropriate design calcu­
lations. 
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305-2.4 Residual Stress 

The machining of weld overlayed or weld built-up 
surfaces that have not been stress-relieved may cause 
the redistribution of residual stresses and subsequent 
dimensional distortion over time.  In such instances, 
precautions such as performing a stress-relieving heat 
treatment prior to finish machining shall be considered 
to ensure final dimensional stability. 

305-3 DESIGN 

305-3.1 Raised Face 

Under-thickness of a raised face due to refinishing shall 
be acceptable, provided the minimum finished height of 
the raised face is 0.8 mm (0.031 in.). 

305-3.2 Thickness Evaluation 

If flange refinishing necessitates removal of material 
from other than the raised face such that the flange dimen­
sions no longer comply with the original design dimen­
sions minus the original corrosion allowance or the 
requirements of an applicable specification or standard, 
the flange shall be evaluated to ensure that the removal of 
material does not compromise design integrity. Design 
evaluation methods of an applicable new construction 
code (such as ASME BPVC, Section VIII, Division 1, Man­
datory Appendix 2), or an applicable post-construction 
code or standard shall be used. 

305-3.3 Finish and Flatness 

The gasket seating requirements in terms of flange 
surface finish and flatness shall be considered. 

305-3.3.1 Flatness. For example, AP! 660 and TEMA 
permit deviations from flatness that exceed those that 
are recommended for certain gasket types of materials 
(e.g., flat metal). For guidance on flange face flatness toler­
ance, refer to ASME PCC-1, Nonmandatory Appendix D. 

305-3.3.2 Finish. See TEMA Figure F-4 for permissible 
imperfections in flange-facing finish. The choice of flange­
facing finish shall be in accordance with the applicable 
standard and compatible with the requirements specified 
by the user or recommended by the gasket manufacturer. 
For example, unless otherwise agreed to by the purchaser 
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or manufacturer, ASME 8 16.5 specifies the following 
flange-facing finishes (as judged by visual comparison 
with Ra standards per ASME 846.1) :  

(a) Tongue and groove and small male and female 
flanges: not to exceed 3.2 µm (125 µin.) roughness. 

(b) Ring joint: not to exceed 1.6 µm (63 µin.) roughness. 
(c) Other: Either a serrated concentric or serrated 

spiral finish having a resulting surface finish from 3.2 
µm to 6.4 µm (125 µin. to 250 µin.) average roughness 
shall be furnished. The cutting tool employed should 
have an approximate 1 . 5  mm (0 . 06  in . )  or  larger 
radius and there should be from 1 .8  grooves/mm to 
2.2 grooves/mm (45 grooves/in. to 55 grooves/in.) . 

305-4 FABRICATION 

305-4.1 Repair Without Welding 

If either the flange ring thickness or hub dimensions, or 
both, are sufficient, then the entire gasket surface may be 
machined to remove the area of degradation or imperfec­
tion and thus achieving the desired finish without weld 
metal buildup. 

305-4.2 Repair by Welding 

In repairing a flange face, it may be necessary to use 
weld metal to either fill a local area (e.g., a gouge or a 
scratch) or to restore thickness by a weld buildup of 
the base metal or existing weld overlay face. Where 
the flange is to be repaired by welding, the area where 
the buil dup is to be appl ied shal l  be free  of any 
residue, gasket material, corrosion deposits, etc., that 
would unduly affect the weld. Cleaning may be by mechan­
ical or chemical procedures. Welding procedures and per­
sonnel shall be qualified per the requirements of an 
applicable new construction code (such as ASME 8PVC, 
Section IX), or an applicable post-construction code or 
standard. Where weld metal buildup is necessary, the 
filler metal, welding technique, welder qualifications, 
and heat treatment (if any) shall be selected to meet 
service and metallurgical requirements. 

305-4.3 Postweld Heat Treatment 

When weld metal buildup is required, postweld heat 
treatment shall be performed p rior to flange face 
machining if required by an applicable new construction 
or post-construction code. Postweld heat treatment is not 
required if the thickness of the weld metal buildup is less 
than the limits prescribed in the applicable new or post­
construction code or standard unless dimensional stabil­
ity is an issue, or postweld heat treatment is required for 
process reasons. 
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305-4.4 Machining 

The cutting tool radius and feed rate should be set to 
prequalified values in order to consistently achieve the 
desired surface finish. For minor imperfections, careful 
filing may be adequate for the removal and dressing of 
the flange faces. 

305-4.5 Conversion of Flange Facing From Ring­
Type Joint to Raised Face 

Ring-type joint flanges may be converted to raised face 
type flanges with the following considerations along with 
relevant sections of this Article. The decision to convert to 
raised face flanges can result from observed or potential 
ring groove cracking or other reasons. One method of 
conversion is performed by welding new material into 
the ring groove and machining to meet the raised face 
dimensions as called out in the applicable standard. 
Special conversion gaskets that can be used with an unmo­
dified ring joint flange may also be used but consideration 
needs to be given to the width of the gasket, location of the 
gasket reaction load, the effect of flange rotation, and 
surface finish on the ability of the gasket to seal. 

305-4.5.1 Considerations. Prior to converting flange 
types, consideration shall be given to the impact of 
such a change on the system design bases and specifica­
tions, including such negative potential consequences as 
sealing difficulties and gasket blowout. The impact of the 
change with respect to system design bases and specifica­
tions should be considered. Gasket materials for the new 
gasket type should be selected with due consideration for 
the service environment. 

305-4.5.2 Materials. The material used for filling in the 
groove may match the base metal of the flange or may be a 
different material suitable for the process conditions. For 
example, in some instances it may be desirable to fill in a 
groove in a Cr-Mo flange using an austenitic stainless steel 
filler. If the groove is filled with a material that has a 
different coefficient of thermal expansion than the base 
metal of the flange, consideration should be given to 
the effects of differential thermal expansion. It is recog­
nized that some material may be removed from the bottom 
of the groove in order to prepare the surface for welding or 
to remove cracks or other flaws. If material other than the 
base material is used to fill in the groove, this material 
removal can resul t  i n  the flange th ickness  ( see  
Figure 305-4.5.2-1) composed of  base metal being less 
than that specified by the applicable standard. This is ac­
ceptable if the depth of the weld does not exceed 10% of 
the flange thickness. This 10% criterion may be increased 
if justified by an engineering analysis. This analysis should 
be similar to a Level 3 assessment in accordance with AP! 
579-1/ASME FFS-1. 
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Weld 

Figure 305-4.5.2-1 
Flange Dimensions 

Flange 
thickness 

305-4.5.3 Markings. If the ring joint flange that is being 
converted is marked on its edge with the letter "R" and the 
corresponding ring groove number (or other markings 
identifying it as a ring joint), this marking shall be 
removed or defaced (such as by stamping a series of 
X's over it) . 

305-5 EXAMI NATION 

305-5.1 Gasket Surface 

The finished surface shall be examined to comply with 
the requirements of the standard applicable to new 
flanges or as specified by the user. For example, ASME 
8 16 .5 requires that the surface finish be judged by 
visual comparison with the Ra standards of ASME 846.1. 

305-5.2 Nondestructive Examination 

In cases where weld metal buildup is used in the repair, 
the area to be repaired shall be examined prior to 
performing the weld buildup using an appropriate NOE 
method to determine the integrity of the base metal. 
Consideration shall be given to examining each weld 
pass for surface defects by either magnetic particle exam­
ination (MT} or liquid penetrant examination (PT}, as 
appropriate. For example, such examination should be 
performed for welds susceptible to cracking. The finished 
machined surface shall also be examined by MT or PT, and 
imperfections in excess of the standard applicable to new 
flanges, or as specified by the user, shall be repaired and 
reexamined by the method that discovered the imperfec­
tion. Guidelines for nondestructive examination can be 
found in ASME BPVC, Section V. The MT or PT examination 
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shall be conducted in accordance with ASME BPVC, 
Section VIII, D ivision 1, Mandatory Appendices 6 and 
8, respectively, or other applicable construction code, 
e.g., ASME BPVC, Section VIII, Division 2. 

305-5.3 Dimensions 

After repair, the flange thickness and other dimensions 
shall be verified for conformance to the required thickness 
of the applicable standard or as established by design 
calculation. 

305-6 TESTING 

After the flange joint is reassembled in the field, it 
should be subjected to a leak test prior to being placed 
in service, or an initial service leak test. An initial 
service leak test is one in which the joint is monitored 
for leakage as pressure is increased in the system. The 
selection of the most appropriate testing method shall 
consider the hazard of the service and any jurisdictional 
requirements. For general guidance on flanged joint leak 
tightness testing, refer to Article 501 and ASME PCC-1, 
section 12. 

305-7 REFERENCES 

305-7.1 Related Standards (22) 

The following is a list of publications referenced in this 
Article. Unless otherwise specified, the latest edition shall 
apply. 

API 660, Shell and Tube Exchangers for General Refinery 
Service 

Publisher: American Petroleum Institute (API}, 200  
Massachusetts Avenue NW, Suite 1 100, Washington, 
DC 20001-5571 (www.api.org) 

ASME 816.1, Cast Iron Pipe Flanges and Flanged Fittings 
ASME 816.5, Pipe Flanges and Flanged Fittings 
ASME 816.24, Bronze Pipe Flanges and Flanged Fittings: 

Class 150, 300, 400, 600, 900 and 1500 
ASME 816.36, Orifice Flanges 
ASME 8 16.4 7, Large Diameter Steel Flanges NPS 26  

Through NPS 60 
Publisher: The American Society of Mechanical Engineers 

(ASME), Two Park Avenue, New York, NY 10016-5990 
( www.asme.org) 

Standards of Tubular Exchanger Manufacturers Associa­
tion 

Publisher: Tubular Exchanger Manufacturers Association, 
Inc. (TEMA}, 25 North Broadway, Tarrytown, NY 10591 
(www.tema.org) 
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Article 306 
Mechanical Clamp Repair 

306-1 DESCRI PTION 

A mechanical clamp consists of split fittings mechani­
cally joined together to seal off or reinforce a component. 

Examples of mechanical clamps are illustrated in 
Figures 306-1-1 and 306-1-2 . 

Mechanical clamps are commonly used to seal repair­
leaking components or reinforce damaged components. 

Mechanical clamps can have a variety of shapes (e.g., 
cylindrical, rectangular, with either flat or formed 
heads), often following the contour of the pipe or compo­
nent being repaired. Mechanical clamps can also be used to 
enclose components such as flanges and valves or fittings, 
branches, nozzles, or vents and drains. 

Mechanical clamps are often available as catalog items 
or they can be custom-made of two half shells, a sealing 
gasket and bolts, or studs and nuts. 

The annular space between the mechanical clamp and 
the repaired component can be left either empty or filled, 
or lined with epoxy, sealant, fiber, refractory materials, or 
other compounds. 

A clamp can be nonstructural (designed to contain 
leaks) or structural (designed to reinforce and hold 
together a damaged component). 

Figure 306-1-1 
Example of a Mechanical Clamp 
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306-2 LIMITATIONS 

306-2.1 General 

Part 1 of this Standard contains additional require­
ments and limitations .  This Article shall be used in 
conjunction with Part 1. 

306-2.2 Applicability 

Normally, mechanical clamps are used to contain leaks 
at packings, and at flanged and gasketed joints, or to 
contain leaks (or potential leaks) due to local thinning. 
The clamp is not always effective in preventing the propa­
gation of a crack in the pipe or component. Therefore, leak 
clamps shall not be used when cracks are present, unless 

(a) the conditions that lead to the crack formation and 
propagation have been eliminated so that the crack will 
not grow during the planned life of the repair; 

(b) a fitness-for-service assessment shows that the 
crack growth during the planned life is acceptable, and 
that the crack will not propagate across the clamp; or 

(c) the crack is circumferential and the clamp is a struc­
tural clamp, where the clamp is designed for the case offull 
circumferential separation of the cracked component. A 
separate strong-back assembly may be used to provide 
structural integrity, while the clamp only provides leak 
seal. It is common for these two items to be independent, 
though used in concert. 

306-2.3 Qualifications 

Installation and sealant injection, where necessary, 
shall be performed by personnel qualified under condi­
tions representative of the field application. 

306-2.4 Safety 

Personnel shall be aware of hazards in installing clamps 
on degraded components, and shall take the necessary 
precautions to avoid unacceptable risks. A risk review 
shall be conducted before a clamp is installed. Personnel 
shall take any necessary precautions to avoid unaccept­
able risks. 
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Figure 306-1-2 
Square Mechanical Clamp Over Drain Branch, With Sealant Injection Nozzle 

306-2.5 Precautions 

If the component is leaking or has the potential to leak 
during installation, and if the contents are hazardous, 
additional precautions should be taken and those precau­
tions should be addressed during the prejob hazard 
review meeting (e.g., need for fresh air suit, etc.). 

306-3 DESIGN 

306-3.1 Materials 

Clamp materials shall be listed in the construction or 
post-construction code, Figures 306-1 -1  and 306-1-2, and 
be compatible with the fluid, pressure, and temperature, 
with due consideration for the stagnant condition created 
by a leak of fluid into the clamp. The mechanical clamp 
sealing element and its lubricant may prevent its use 
in high-temperature service. Generally, the material of 
construction of the clamp should be s imilar to the 
clamped component. Clamps made of different materials 
shall be acceptable if they are compatible with the process 
and existing components. The clamp design and construc­
tion, including material selection, shall be done consid­
ering the deterioration mode that led to the need for 
the repair. The clamp shall be suitable for resisting 
this deterioration mode for the life of the repair. 
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306-3.2 Design Life 

The design life of the repair shall be based on the 
remaining strength of the repaired component, the corro­
sion resistance and mechanical properties of the clamp, its 
sealing elements and, where used, the sealant. Some 
sealants lose their sealing properties as a hot line is 
cooled down, or the sealant can deteriorate over time. 
This shall be considered if leaving the clamp in place 
for a new heat-up cycle or beyond the manufacturer's 
designated time at temperature. 

306-3.3 Failure Modes 

The clamp design shall consider the potential introduc­
tion of new failure modes in the clamped component. For 
example: 

(a) External parts of the repaired component, now 
enclosed by the clamp, such as flange bolts, that could 
signifi cantly degrade, crack, or corrode if in contact 
with the leaking fluid. 

(b) Because the clamp can be at a lower temperature 
than the component, condensate from leakage gases 
should be considered for its corrosive effects. 

(c) The clamp can cause the component to run at a 
different temperature, which can increase the corrosion 
rate or cause dew-point corrosion. 

( d) Process fluid contact or the insulating effect of the 
clamp may increase the temperature of encapsulated 
bolting, causing it to yield. 
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(e J The development of operating and residual stresses 
due to constrained differential expansion can cause the 
clamp to leak. 

306-3.4 Temperature and Toughness 

The clamp materials shal l  satisfy the minimum 
temperature and, where applicable, minimum toughness 
requirements of the applicable construction code or post­
construction code. 

306-3.5 Design Conditions 

Mechanical clamps, sealing surfaces, and bolting shall 
be designed for design conditions and anticipated tran­
sient loads imposed on the repaired pipe or component, 
following the design requirements of the construction 
code or post-construction code. 

306-3.6 Qualification 

In cases where there are no applicable design require­
ments, the principles of the applicable construction code 
or post-construction code shall be followed. Components 
of the mechanical clamp that are fabricated by machining 
standard fittings (such as cutting-out an opening in stan­
dard pipe caps to make end pieces) shall be qualified by 
analysis or testing, as provided in the applicable construc­
tion code or post-construction code, and be reinforced if 
necessary. 

306-3.7 Corrosion Allowance 

The design of the clamp shall include the applicable 
corrosion allowance, consistent with the service and 
the design life of the repair. 

306-3.8 Design Loads 

The design of the mechanical clamp for normal oper­
ating conditions shall consider the following: 

(a) the coincident maximum and minimum pressures 
and temperatures of the system, unless means are 
p rovided to l imit the p ressure in the mechanica l  
clamp. Designing the clamp for a lower range of design 
and operating temperatures than the component is ac­
ceptable if justified by heat transfer analysis. 

(b) the load imposed by the weight of the clamp, 
including the entrapped leaking fluid and annular 
space material. 

(c) the effects of expansion, including differential 
expansion or contraction, and the effect on the flexibility 
of the pipe or component. On insulated lines and compo­
nents the clamp may also be insulated to minimize differ­
ential expansion. 

306-3.9 Transient Loads 

Anticipated transient loads for use in the design of 
structural clamps shall include, but are not limited to 
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(a) thrust loads, in case of full circumferential separa­
tion of the pipe or component. Design for the axial thrust 
resulting from full circumferential separation may be 
waived, provided the calculated remaining strength of 
the degraded component at the end of the design life 
(including expected continuing degradation in service) 
is determined to be sufficient. Additional restraints 
may be added to the pipe or component to reduce the 
loads on the clamp. 

Where a clamp is intended to restrain longitudinal 
forces, a locking mechanism or strong-back shall be 
provided to prevent separation. Friction should not be 
relied on to hold together damaged or separated compo­
nents in a fluid service that is flammable, toxic, or dama­
ging to human tissues, or if the components operate in the 
creep range, unless a risk analysis documents that the risk 
of failure of the clamped joint is acceptable. 

(b J wind, earthquake, or fluid transients (fluid hammer 
or liquid slug), as applicable. 

306-3.10 Vents and Drains 

When repairing a leaking component, the mechanical 
clamp assembly should be designed with vents and 
drains to permit venting the leak while assembling the 
clamp, then draining the annulus as necessary. 

(a) Vents should also be provided for mechanical 
clamps installed under water to avoid over-pressurizing 
the water trapped in the annulus as the clamp is tightened. 

(b) The vent or drain should include a threaded cap, a 
flange, or a valve that will be opened to preclude internal 
pressure buildup during assembly. This same vent or 
drain may be used to vent or drain the clamp in the 
future. If leak sealant material is to be injected into the 
clamp, these vent and drain connections may be used, 
or separate injections may be provided. 

306-3.11 Sound Metal 

The clamp shall be sufficiently long to extend to a sound 
area of the repaired component. The clamped component 
shall be examined to ensure that there is sufficient wall 
thickness at the clamp contact points to carry the pressure 
and structural loads in the component, plus the additional 
loads imposed by the clamp. 

306-3.12 Sealant Pressure 

If using sealant injection, the possibility of inward 
collapse of the clamped component due to the annulus 
pressure of the injected sealant shall be considered. 

Consideration should be given to off-gassing of sealant 
compounds as they cure. 

306-3.13 Sealant Seepage 

If using sealant injection, the possibility and conse­
quence of sealant seeping into the damaged component 
shall be considered. 
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306-3.14 Joints 

Clamps over expansion joints, slip joints, ball joints, etc., 
are special cases that shall require analysis of the loads in 
the pipe system, anchors, and component nozzles with the 
clamp installed, with due consideration for thermal­
induced movements in operating and shutdown condi­
tions. 

306-4 FABRICATION 

306-4.1 Preparation 

The component to which the clamp will be attached 
should be free ofloose corrosion deposits, dirt, paint, insu­
lation, mastics, and other coatings in the vicinity of the 
mechanical clamp installation, in particular the area 
where the sealing surfaces will contact the pressure 
component. These substances can prevent the sealing 
surfaces from seating properly against the pressure 
component or otherwise generate a leak path under 
the sealing surfaces. Clamps using sealant injection will 
generally overcome these concerns. 

306-4.2 Leak Box Installation 

Care shall be taken so as not to damage the clamp, espe­
cially the sealing surfaces. For small leaks, the clamp can 
typically be placed directly over the leak Larger or higher 
pressure installations typically require the mechanical 
clamp be loosely installed on the component to the 
side of the leak and then slid and tightened over the leak. 

306-4.3 Qualification 

Personnel shall be qualified for installing the repair 
clamp and sealant injection, when sealant is applied. 

306-4.4 In-Service Installation 

The clamp may be installed when the system is out of 
service or, with the necessary safety procedures, in 
service. 

306-4.5 Leak Stoppage 

If a mechanical clamp is installed over a thinned or 
leaking component, consideration should be given to 
wrapping the component with fiberglass, composite, or 
metallic wraps such that the leak can be stopped prior 
to installing the clamp. This will also prevent introducing 
sealant into the process. This may also aid in future 
sealing, if the perimeter starts leaking. 

306-4.6 Welding 

The mechanical clamp may be welded to the compo­
nent. In this case, the welding, examination,  and 
testing provisions for leak repair boxes shall be reviewed 
for applicability to the repair. 
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306-5 EXAMI NATION 

306-5.1 Applicability 

The final bolting torque shall be checked where speci­
fied by design. 

306-5.2 Visual Examination 

The assembly shall be visually examined for confor­
mance with the design. 

306-5.3 Evaluation 

Results of examinations should be evaluated following 
the criteria of the applicable construction code or post­
construction code. 

306-6 TESTING 

306-6.1 Applicability 

The designer shall determine the type of pressure or 
leak test to be  conducted after installation, on the 
basis of  risk - likelihood and consequence of failure 
of the repaired component when pressurizing the 
annulus between the clamp and the component. 

306-6.2 Test Method 

The test may consist of one of the following: 
(a) an in-service leak test if the consequence of an in­

service leak out of the clamp is acceptable 
(b) a hydrostatic test (when hydrostatically testing a 

repair on a hot operating system, caution is required 
to avoid the discharge of flashing test water) 

(c) a pneumatic pressure test 
(d) a sensitive leak test (such as air with bubble solu­

tion, or helium leak test) 

306-7 REFERENCES (22) 

The following is a list of publications referenced in this 
Article. Unless otherwise specified, the latest edition shall 
apply. 

AP! 5 10, Pressure Vessel Inspection Code: Maintenance, 
Inspection, Rating, Repair and Alteration 

AP! 570, Piping Inspection Code: Inspection, Repair, 
Alteration, and Rerating of In-Service Piping Systems 

Publisher: American Petroleum Institute (AP!}, 200  
Massachusetts Avenue NW, Suite 1100, Washington, 
DC 20001-5571 (www.api.org) 

ASME Boiler and Pressure Vessel Code, Section VIII -
Rules for Construction of Pressure Vessels 

Publisher: The American Society of Mechanical Engineers 
(ASME), Two Park Avenue, New York, NY 10016-5990 
( www.asme.org) 
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Article 307 
Pipe Straig htening or Alignment Bending 

307-1 DESCRIPTION 

This Article addresses the requirements and cautions 
for the straightening of bent metallic pipe and intentional 
bending of metallic pipe to accommodate alignment, fit­
up, or repair. Straightening and alignment bending can be 
achieved by hot bending, cold bending, or by heating and 
cooling. 

307-2 LIMITATIONS 

307-2.1 General 

Part 1 of this Standard contains additional require­
ments and l imitations. This Article shall be used in 
conjunction with Part 1. 

307-2.2 Buckling Prevention 

If the pipe is lined or is prone to buckling (e.g., if its outer 
diameter divided by its wall thickness D/t is larger than 
100), an engineering evaluation shall be performed prior 
to attempting the straightening operation. 

307-2.3 Materials 

An engineering evaluation should be conducted to vali­
date that the pipe and weld material properties are not 
adverse ly  a ffe cted by hea t ing  or b e nd ing .  S e e  
paras. 307-2.3 .1 and 307-2.3 .2 . 

307-2.3.l Heating or deformation of the pipe may 
cause the loss of corrosion or cracking resistance, such 
as the sensitization of solution-annealed austenitic stain­
less steels, or the accumulation of residual stresses that 
can lead to stress corrosion cracking in caustic service. 

307-2.3.2 Heating enhanced strength and toughness 
low alloy steels and hardenable high alloy steels above 
their final heat treatment temperature may degrade 
mechanical properties. 

307-2.4 Linings and Coatings 

The bending operation may damage internal linings or 
external coatings. 
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307-2.5 Hazards Review 

The need for a hazards review should be considered 
prior to hot or cold bending, to address the limitations 
in this Article, and other facility and system-specific 
considerations. 

307-3 DESIGN 

307-3.1 Preventing Recurrence 

An investigation into the cause of damage should be 
completed and appropriate corrective action should be 
implemented to prevent future damage. 

307-3.2 Analysis 

The straightening operation should be designed by an 
experienced piping design engineer. The operation shall 
avoid placing significant loads on nozzles, equipment, 
components, or supports in excess of their design capacity. 
This may be achieved by applying the planned movement 
to a stress analysis model of the piping, obtaining reaction 
forces at nozzles, equipment, components, and supports 
and verifying that these remain within acceptable limits, 
as specified by equipment, component, and support manu­
facturer or by the design rules of the applicable construc­
tion code or post-construction code. Calculated stresses in 
the pipe itself and at pipe welds may be large, because the 
bending process will plastically deform the pipe. Large 
stresses in the pipe itself or in the pipe weld, away 
from nozzles, equipment, components, or supports may 
be acceptable, provided other conditions specified in 
this Article are met. 

307-3.3 Load and Deformation Limits 

Applied loads and deformations at mechanical joints 
such as flanged joints, threaded joints, swage fittings, 
expansion jo ints, or compression fittings shall be 
within the joint design and manufacturer limits. 

307-3.4 Residual Chemicals 

If residual process chemicals could present a safety 
hazard at the bending temperature, either directly or 
by degrading the piping material, the bending procedure 
shall be reviewed for potential hazards, prior to starting 
the work. The review shall validate that the residual 
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chemicals, when heated, will neither degrade the pipe nor 
cause a hazardous condition. Otherwise, the pipe shall be 
thoroughly cleaned prior to hot bending. 

307-4 FABRICATION 

307-4.1 Methods 

Straightening a pipe may be performed by pushing or 
pulling the pipe back into the desired position, either using 
a pipe-bending machine or jacks and pulling devices; or by 
locally heating the pipe and then cooling it to achieve the 
desired shape, applying the precautions specified in this 
Article. 

307-4.2 Surface Protection 

When using jacks or pulling devices, a pad should be 
used between the chain or rope and the pipe to avoid 
excessive friction, wear, local stresses, or dents and 
gouges on the pipe surface. Where possible, local straining 
of the pipe should be avoided by distributing the straigh­
tening or alignment force over a wide area. 

307-4.3 Hot or Cold Bending 

Pipe may be straightened by hot or cold bending, 
provided all the cautions and conditions of this Article 
are met. 

307-4.3.1 The hot bending refers to bending of ferritic 
steels at a temperature above the lower critical tempera­
ture of the material Tcrit· The lower critical temperature is 
the lowest temperature at which the crystal structure first 
begins to undergo an allotropic transformation from a 
body-centered cubic (BCC) atomic structure to a face­
centered cubic (FCC) atomic structure. The approximate 
lower critical temperature for carbon steel pipe is 705°C 
(1,300°F}. 

Creep-enhanced low alloy ferritic steels such as those 
included in P-No. SB, Group 2 of ASME BPVC, Section IX, 
should not be hot bent. These materials are sensitive to 
heating above their lower transformation temperature, 
which is a function of their chemical composition .  
Heating these materials above their lower transformation 
temperature could result in the loss of their high-tempera­
ture properties. 

When using heat on piping that has been in service, 
either for hot bending or for local heating during cold 
bending, the heating process shall be selected (e.g., 
using heating pads rather than a cutting torch} and 
controlled (e.g., using temperature-indicating markers 
or thermocouples) to prevent unintended metallurgical 
transformation o r  stres s  damage.  A documented 
heating and temperature control procedure shall be 
followed. 
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307-4.3.2 Cold bending refers to bending below Tcrit· 
The pipe may be bent cold if permitted by the applicable 
construction code or post-construction code. Cold 
bending may require heating below the critical tempera­
ture; heating is usually on the side that needs to be shor­
tened and is applied in a diamond pattern. 

307-4.4 Heat Treatment 

Poststraightening heat treatment of cold-bent or hot­
bent pipe shall be performed where required by the ap­
plicable construction code or post-construction code or 
material specification for the bending of new pipe, or 
when required for corrosion resistance. 

307-5 EXAMI NATION 

307-5.1 Applicability 

After straightening or bending the pipe, the examina­
tions specified in paras. 307-5.1 .1 through 307-5.1 .4 shall 
be considered. 

307-5.1.1 Ultrasonic thickness examination to verify 
that the wall thickness is at or above the minimum 
required by the applicable construction code or post­
construction code plus corrosion allowance. This exami­
nation should be performed at the outside radius (points 
placed in tension by bending) at points of maximum 
bending. 

307-5.1.2 Visual examination to verify that the straigh­
tened pipe is free of wrinkles, creases, dents, gouges, 
peaks, and other signs of damage. If damage is noted, 
the damage may be assessed using the criteria of PFI 
ES-24, and the applicable construction code or post­
construction code. 

Where surface finish is specified in the design, it shall be 
verified after the straightening or bending operation. 

The visual examination shall also address the integrity 
of lining and coating. 

307-5 . 1.3 Dimensional examination for ovality 
(largest relative difference of diameters at a cross 
section of the pipe) to verify that it is not more than 
that permitted by the applicable construction code or 
post-construction code. 

307-5.1.4 Hardness testing after hot bending (or local 
heating) of heat-treatable pipe, to validate that heating has 
not unduly altered the material properties, is in order. The 
hardness shall be limited to values specified in the appli­
cable construction code or post-construction code, or as 
specified by the design or by the materials and corrosion 
engineer. 
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307-5.2 Weld Examination 

If the straightened pipe contains welds (longitudinal or 
girth welds) these welds shall be examined for code reject­
able indications by either magnetic particle or liquid pene­
trant method, as appropriate, and evaluated in accordance 
with the applicable construction code or post-construc­
tion code. 

307-6 TESTING 

307-6.1 Applicability 

The straightened pipe shall be pressure tested, if 
required by the applicable post-construction code. 

307-6.2 Special Consideration 

Consideration should also be given to whether the risk 
of a leak or rupture on startup justifies pressure or leak 
testing in the absence of code requirements. 
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307-6.3 Alternative 

In the absence of pressure testing, an initial service leak 
test should be considered, consisting of visual examina­
tion for leaks in liquid or steam service, or bubble testing 
for gas service. 

307-7 REFERENCE 

The following publication is referenced in this Article. 

PF! ES-24, Pipe Bending Methods, Tolerances, Process and 
Material Requirements 

Publisher: Pipe Fabrication Institute (PF!), 5901 Coastal 
Hwy #27, Ocean City, MD 21842 
(www.pfi-institute.org) 
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Article 308 
Damaged Anchors i n  Concrete 

(Postinstalled Mechanical Anchors) 

308-1 DESCRIPTION 

308-1.1 Anchor Uses 

Anchors are needed for most base plates. They are used 
to safely anchor base plates to prevent column over­
turning and they are also necessary when the base 
plate is subj ect to large des ign moments or uplift. 
Anchors are primarily tension devices. To prevent the 
anchor from pulling out of the concrete, should the 
bond stresses be exceeded, hooks, plates, or other 
shapes are added to the embedded portion of the anchor. 

308-1.2 Intent 

This Article is generally written with regards to 
repairing column base mechanical anchors. Therefore, 
the emphasis of this Article is on postinstalled mechanical 
anchors as described in para. 308-1 .6. However, it is 
intended to apply to repairing pressure vessel support 
anchors, such as support skirts and saddle supports. 

308-1.3 Types of Mechanical Anchors 

There are two general types of mechanical anchors: 
cast-in-place and drilled-in. Three different types of 
cast-in-place anchors are shown in Figure 308-1 . 3 - 1 .  
These are generally made from either bolts or bar 
stock, referred to as  a rod. The commonly used hooked 
rod is made from a round shape and shown in Figure 
308-1 .3-1, illustration (a). The tensile load is resisted 
through a bond developed along the length and by the 
hook. Smooth rods do not always form reliable bonds 
due to oil or other contaminants that may exist on the 
rod. Those with hooks may fail by straightening and 
pulling out of the concrete. A more positive anchorage 
is often preferred. 

308-1.4 Illustrations 

A more positive anchorage is formed when bolts or rods 
with threads  a n d  a nut  a r e  u s e d , a s  shown in  
Figure 308-1 .3 -1, illustrations (b) and (c) . Bearing on  
the head o r  nut then develops the anchorage. I t  i s  only 
necessary to provide for adequate embedment depth 
and edge distance. Since headed bolts are not often avail­
able in lengths and diameters required for base plates, the 
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designer should generally specify the rod with threaded 
ends and provision of a nut for anchorage, as shown in 
Figure 308-1.3-1, illustration (c). The lower nut should 
be fixed to the rod (e.g., tack-welded; too much heat 
during the welding process may adversely affect the 
strength of the rod) so that the rod does not turn out 
when the top nut is tightened. The tack welds shall be 
placed at the rod overhang face of the nut; this practice 
is accepted by the ASME BPVC for nonstructural tack 
welds used as a locking device even though welding is 
not otherwise permitted for rod materials, such as A-
193-B7. 

308-1.5 Anchor Failure 

The two most common causes of anchor failure are 
corrosion and lack of proper preload. Anchor failures 
[see Figure 308 - 1 . 5 - 1 , illustration (a)] occur when 
either the bolt fails mechanically (i .e . ,  steel failure, 
pull-through, or pullout) or when concrete surrounding 
the anchor fails (i .e . ,  concrete breakout or concrete 
splits) due to the tensile and/or shear loading of the 
anchor [see Figure 308-1.5-1, illustrations (b) and (c)] .  

308-1.6 Postinstalled Mechanical Anchor 

This Article's emphasis is on postinstalled mechanical 
anchors of M6 (0.25 in.) diameter or larger, placed into 
predrilled holes and anchored within the concrete by 
mechanical means. While data contained in the various 
tables is limited to a maximum diameter of M24 (1 
in . ) ,  the methodology contained in this document 
applies to larger diameter anchors found in process equip­
ment supports. However, many different postinstalled 
adhesive anchors that are anchored by chemical means 
(e.g., epoxy) are available for use in concrete. These 
anchors exhibit a range of working principles, proprietary 
designs, and performance characteristics and thus are not 
the primary emphasis of this document. These adhesive 
anchored bolts are acceptable for use as long as they are 
installed per the manufacturer's recommendations. 
Because of the increasing popularity of this type of 
anchor, Mandatory Appendix 308-1 contains some instal­
lation data for adhesive anchors. 
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(a) Hooked Bar 

Figure 308-1.3-1 
Anchors 

(b) Bolt (c) Threaded Bar 
With Nut 

308-1.7 Column Base Mechanical Anchor 

An example of a column base mechanical anchor in 
concrete is shown in Figure 308-1.7-1 .  Note, this is not 
a postinstalled anchor but an original-installed anchor. 
However, even though Figure 308-1.7-1 does not show 
other types, this Article is also applicable to other 
process equipment supports, such as vessel skirts, 
tubular columns, and saddle supports. 

308-2 LIMITATIONS 

308-2.1 Additional Requirements 

Part 1 of this Standard contains additional require­
ments and l imitations .  This Article shall be used in 
conjunction with Part 1. 

308-2.2 Considerations 

In applying this repair method, consideration shall be 
given to compatibility of materials, operating conditions, 
intended life of the component, and any limitations on 
examination and testing. 

308-3 DESIGN 

308-3.1 Original Anchor Assembly 

The design of the original anchor assembly should be in 
accordance with the original construction code, such as 
the American Institute of Steel Construction (AISC), 
Manual of Steel Construction or the Building Code Require­
ments for Structural Concrete (now obsolete) or ACI 318-
02. 
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Figure 308-1.5-1 
Anchor and Concrete Failure 

(a) Anchor Failure 

(b) Concrete Failure - Tensile 

(c) Concrete Failure - Shear 



ASME PCC-2-2022 

Figure 308-1.7-1 
Column Base Anchors in Concrete 

Base 

/ Column / r Anchor 

N ut 

Washer 

0-1-1--1---i"""--washer 

N ut 
(tackweld)  

308-3.2 Design Considerations 

Nut 

The design items specified in paras. 308-3.2.1 through 
308-3.2.3 are provided for consideration when making 
repairs to the original anchor assembly. 

308-3.2.l Embedment. Anchors of any type shall have 
an embedment length sufficient to develop the full 
strength of the anchor. Drilling is often complicated by 
the presence of reinforcing rods. Should one or more 
be encountered, an analysis shall be performed to deter­
mine if it is permissible to sacrifice the reinforcing rods, 
(i.e., by cutting the reinforcing rods as they are encoun­
tered, a reduction in the steel reinforcing area will occur 
such that the concrete design may be compromised) . 
Anchors, when used with the leveling nut method of 
setting column bases, shall have a nut and heavy erection 
washer both above and below the base plate. The washers 
are used to prevent the nuts from attempting to push 
through the oversized holes. Extra thread should be 
supplied for lower nut adjustment. 

308-3.2.2 Loading. Any anchor that has been sized by 
calculations based on design loadings shall be preloaded 
sufficiently to prevent either base-plate separation from 
foundation or movement on the foundation when loads 
are applied. If preload is less than maximum load in 
service, anchor bolt fatigue may occur. Periodic tightening 
is required to compensate for the preload loss due to the 
relaxation of the concrete. Anchors are the link between 
foundation and column. When a column base is subject to 
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uplift, the uplift force must be resisted by a weight greater 
than the uplift force, or the column base must be anchored. 
Anchors transmit this tension force. Several characteris­
tics in anchor design can be varied to suit the load require­
ments: the quantity of bolts; the diameter; the length; and 
type of material. 

308-3.2.3 Shear Forces. Anchors typically are not used 
to resist shear forces in a column base. While base plate 
friction resists shear, shear forces can be further resisted 
by some device attached to the underside of the base plate 
and inserted into a groove or keyway in the concrete foun­
dation. The main reason anchors are not to be used to 
resist shear forces is that they have a relatively low­
bending resistance. If a base plate were to ease sideways 
into bearing against an anchor, the load (discounting the 
grout) would be delivered approximately 25 mm (1 in.) 
above the concrete top. The anchor would act like a 
vertical cantilevered member. Also, the random location 
of anchors as they are located in the oversized base plate 
holes results in a situation where seldom does more than 
one anchor of a multianchor group go into shear at any one 
time. AC! 3 18 makes allowance for shear capacity on 
concrete anchor bolts. The capacity is reduced in presence 
of grout to account for bending. 

308-4 FABRICATION 

308-4.l Weld Repair of Existing Rods 

Anchors, fabricated from A36 or A307 that break off at 
the surface but do not disturb the surrounding concrete 
may have a threaded rod extension welded to the top of the 
bolt (see Figure 308-4.1-1) .  The weld repair shall include 
means to avoid damage to the concrete. The material of 
construction of the rod shall be known. Anchors made of 
materials with properties achieved by heat treatment (e.g., 
quench and tempered} shall not be weld repaired. AWS 
01.4 is a reference for guidance on welding concrete 
embedded steel. 

308-4.2 Repair of Existing Rods With Extensions 

For anchors fabricated fromA36,A307, and A-193-87, a 
sleeve coupling may be used with a short threaded rod 
extension, provided the hole in the base plate is large 
enough to ensure that it clears the coupl ing (see 
Figure 308-4.1-1) .  

308-4.3 Replacement 

After removing the nut and washer, a carbide bit cutting 
tool may be placed over the protruding bolt and a circular 
opening drilled in the steel base plate, slightly larger than 
the bolt diameter, exposing the concrete around the 
damaged bolt. A diamond bit drill may then be used to 
cut through the concrete at sufficient depth to extract 
the damaged or corroded bolt. The carbide bit drill 
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Figure 308-4.1-1 
Weld Repair of Existing Rod 

may also be used to cut through the bent legs of "L" or "J" 
bolts. Care should be taken to avoid cutting rebar, unless 
approved by a structural engineering evaluation. 

Anchors exert relatively small lateral load on base 
plates, therefore "tear-out" is typically not a problem. 
Table 308-4.3-1 contains dimensions based on anchor 
size. 

NOTE: Tables 308-4.3-1 and 308-4.3-2 are provided as illustra­
tive examples. 

While drilling of base plate holes is the preferred 
method for holes of 38  mm (1 . 5  in.) in diameter or 
smaller, burning of base plate holes is an acceptable proce­
dure for larger holes, especially when applied to field 
repair situations. The slight hardening exhibited at the 
burned edge is not important since the bearing of the 
anchor against the side of the hole is not a factor; it 
makes little difference how the hole is made. When 
sizing the area of a base plate, the loss of area at the 
anchor holes (and grout holes) is generally ignored. 

Two of the most commonly used postinstalled anchors 
a r e  t h e  w e dg e  a n d  t h e  s l e e v e  a n c h o r s .  
Paragraphs 308-4 . 3 . 1  and 308-4 .3 .2  list installation 
instructions for each. 

308-4.3.1 Wedge Anchor Installation Instructions. 
Mechanical wedge anchors require greater concrete 
strength due to the concentration of stresses at the expan­
sion clip. The anchor works by expansion in the tip, and 
thus localizes all of the pressure in a small area. This can 
cause the concrete to crack or, if the concrete is weak, the 
anchor may not tighten. This anchor can only be used in 
concrete, not in masonry. The following are wedge anchor 
installation instructions (see Figure 308-4.3 .1-1) :  

(a) Drill the hole perpendicular to the work surface. Do  
not ream hole o r  allow the drill to wobble. 
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(b) Drill the hole deeper than the intended embedment 
depth of the anchor, but not closer than two anchor 
diameters to the bottom surface of the concrete. 

(c) Clean the hole using compressed air as this is nec­
essary for proper anchor performance. 

( d) Place anchor in hole. May require striking with a 
hammer, due to friction fit anchor design, to obtain 
proper anchor depth. 

(e) Place washer and nut on anchor and tighten to 
torque values listed in manufacturers specification. 

308-4.3.2 Sleeve Anchor Installation Instructions 

NOTE: A sleeve anchor with a wrapped sheet metal sleeve, as 
shown in Figure 308-4.3.2-1, is a light-duty anchor and should 
not be used for base plate applications. There are heavy-duty 
sleeve anchors that work as expansion anchors but they are 
not shown here. The illustration is for installation information 
only. 

The following are sleeve anchor installation instruc­
tions: 

(a) Drill the hole perpendicular to the work surface. Do 
not ream hole or allow the drill to wobble. 

(b J Drill the hole deeper than the intended embedment 
depth of the anchor, but not closer than two anchor 
diameters to the bottom surface of the concrete. 

(c) Clean the hole using compressed air as this is nec­
essary for proper anchor performance. 

(d} Place the washer and nut on the anchor and place 
the anchor into the hole so that the nut rests solidly against 
the support base plate. Tapping with a hammer may be 
required to achieve this result. 

(e) Tighten the nut to three to five turns past the hand­
tight position. 

308-4.4 Abandon in Place 

Damaged or corroded bolt may be left in place and one 
or several new anchor holes may be drilled into the base 
plate and concrete. New anchors may be installed in the 
newly prepared holes according to the anchor vendor's 
installation procedure and new washers and nuts may 
be placed and tightened to complete the repair. When 
new anchors are placed close to the existing anchors, 
the nut may be removed from the abandoned anchor, 
thus removing the tensile load from that anchor or the 
abandoned anchor may be cut off so as not to interfere 
with the equipment base plate. 

308-4.5 Tolerance on Expansion Anchor Location 

NOTE: These may also be applied to adhesive anchor locations. 

308-4.5.1 Tolerances for Expansion Anchor With 4.5d 
Embedment. The location of an individual anchor may be 
changed to facilitate installation, provided the tolerances 
specified in paras. 308-4.5 .1 .1  through 308-4.5 .1 .3  are 
met. 
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Table 308-4.3-1 
Minimum Edge Distance for Punched, Reamed, or Drilled Holes 

Anchor Size, mm (in.) 

M6 (%) 
MlO (116) 
M12 (112) 
M16 (%) 
M20 (%) 
M24 (1) 

At Sheared Edges, mm (in.) 

13 (112) 
19 (%) 
22 (Is) 

29 (1%) 
32 (1114) 
44 (1%) 

At Rolled Edges of Plates or Gas Cut Edges, mm (in.) 

10 (3/s) 
19 (%) 
19 (%) 
22 (Is) 
25 (1) 

31 (1 114) 

GENERAL NOTE: These data are provided as an illustrative example of typical limits and should not be used as reference data without first 
validating in accordance with the applicable design code or manufacturers specification. 

Table 308-4.3-2 
Expansion Anchor - Illustrative Example of Typical Minimum Limits for Reference 

Minimum Spacing, 

s, 
for Embedment Minimum Edge Minimum Edge 

Nominal Embedded Length, Embedded 4.Sd, Minimum Spacing, Distance, ED, for Distance, ED, for 
Bolt Diameter, Le, for 4.Sd, Length, Le, mm (in.) S, for Embedment Embedment 4.Sd, Embedment Bd, 

mm (in.) mm (in.) for Bd, mm (in.) [Note (1)] Bd, mm (in.) mm (in.) mm (in.) 

M6 (%) 29 (1 'Isl 64 (2112) 31 (1 %) 
MlO (116) 41 (1 %) 75 (3) 94 (3%) 113  (4112) 47 (171s) 125 (5) 
M12 (1/z) 56 (2114) 100 (4) 125 (5) 152.4 (6) 64 (2112) 175 (7) 
M16 (%) 69 (2%) 125 (5) 156 (6114) 188 (71/z) 78 (3%) 213  (8112) 
M20 (%) 81 (31/4) 150 (6) 188 (7112) 225 (9) 94 (3%) 250 (10) 
M24 (1) 113 (41/z) 200 (8) 250 (10) 300 (12) 125 (5) 325 (13) 

GENERAL NOTE: These data are provided as an illustrative example of typical limits and should not be used as reference data without first 
validating in accordance with the applicable design code or manufacturers specification. It is up to the designer to determine values for diameters 
greater than M24 (1 in.). This data table should not be extrapolated. 

NOTE: (1) S is the center-to-center distance between two adjacent expansion anchors. The two expansion anchors may be on the same or on two 
different plate assemblies. Minimum spacing between anchors of different diameters shall be the average of the minimum spacing for individual 
diameters. 

308-4.5.1.1 Relocation of one or two anchors within 
an arc as shown in Figures 308-4.5 .1 .1-1 and 308-4.5 .1 .1-2 
shall be permissible ifthe following requirements are met: 

(a) the minimum edge distance between the anchor 
a n d  the  p l ate edge  meet s  the  requ i rements  o f  
Table 308-4.3-1. 

(b) requirements of edge distance, ED, and embedded 
length, Le, per Table 308-4.3-2 . These tolerances apply in a 
situation where instead of drilling a hole in the designated 
location, a hole in the alternate location is drilled. 

308-4.5.1.2 Expansion anchors not using the toler­
ance of para. 308-4.5 .1 .1 may be relocated such that the 
spacing is within 3 mm (1/s in.) of the specified spacing for 
M6 (% in.) and MlO (116 in.) diameter expansion anchor 
and within 6 mm (1;4 in.) of the specified spacing for M12 
(112 in.) and larger diameter expansion anchors. The re­
quirements of Tables 308-4.3 -1  and 308-4.3-2 shall apply. 
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308-4.5.1.3 Expansion anchors not meeting the 
tolerances of paras. 308-4. 5 . 1 . 1  and 308-4 .5 .1 .2  shall 
be subject to an engineering assessment by a structural 
engineer for resolution on a case-by-case basis. 

308-4.6 Tolerance for Anchors With 8d 
Embedment 

The location of an individual anchor may be changed to 
facilitate installation, provided the tolerances specified in 
paras. 308-4.6.1 and 308-4.6.2 are met. 

308-4.6.1 Relocation of One or Two Anchors Within 
the Design Plate Assembly (Figure 308-4.6.1-1) .  The 
relocation of anchors within a circle of 2d radius shall 
b e  p e rm i s s i b l e ,  i f  the  r e q u i r e m ent s  o f  p a r a s .  
308-4.6.1 .1 through 308-4.6.1.4 are met. 
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Figure 308-4.3.1-1 
Wedge Anchor 

Figure 308-4.3.2-1 
Sleeve Anchor 

308-4.6.1.l The minimum edge distance between 
the anchor and the plate edge meets the requirements 
as shown in Table 308-4.3-1. 

308-4.6 .1 .2 Requirements of  ED and  Le  per  
Table 308-4.3-2 . 

308-4.6.1.3 If the angularity of the relocated anchor 
is less than or equal to 4 deg, use of the same size anchor is 
allowed. 

308-4.6.1.4 If the angularity of the relocated anchor 
is greater than 4 deg and less than 10 deg, the next larger 
size shall be used for the relocated anchor for example, use 
M16  (5/s in.) diameter anchor in place of M12  (Y2 in.) 
diameter, M24 (1 in.) diameter in place of M20 (% in.) 
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Figure 308-4.5.1.1-1 
Relocation of One or Two Anchors Within an Arc (r = 1/id) 

• 

• 

GENERAL NOTES: 
(a) Arc radius r = 1!2d 
(b) X = relocated anchor 

• 

• • 

diameter. For existing M24 (1 in.) diameter anchor, the 
relocated anchor shall be of the same diameter ifthe angu­
larity limitation of< 4 deg is satisfied. Bolt angularity is the 
angle off the 90 deg perpendicular between the base plate 
and the anchor. 

308-4.6.2 Relocation of More Than Two Anchors 
Within Design Plate Assembly (Figure 308-4.6.2-1). 
Any number of anchors in a plate assembly may be relo­
cated as long as the installed anchor spacing is within plus 
or minus two bolt diameters of the designated spacing and 
the requirements given in para. 308-4.6.1 are met. For 
other cases, engineering shall be notified for resolution. 

308-4.6.3 Relocation of Anchors Outside the Design 
Plate Assemblies (Figure 308-4.6.3-1) 

308-4.6.3.l If one bolt must be relocated because of 
interference, the entire row of bolts shall be relocated like­
wise. The maximum permissible relocation shall be 75 mm 
(3 in.). 
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Figure 308-4.5.1.1-2 
Relocation of One or Two Anchors Within an Arc (r = d) 

• 

• 

GENERAL NOTES: 
(a) Arc radius r = d 
(b) X = relocated anchor 

• 

• • 

308-4 .6 .3 .2 Requirements of ED and Le  per  
Table 308-4.3-2 and minimum edge distance require­
ments per Table 308-4.3-1 shall be met. 

308-4.6.3.3 A new rectangular plate, W x L' or W' x L 
with a thickness of 6 mm c% in.) more than the existing 
assembly plate shall be used. 

308-4.6.3.4 Attachments shall be made with respect 
to the new plate assembly centerline. 

308-4.6.3.5 Anchors within the new plate may be 
ad jus ted  i n  accordance  with the p rov i s i on s  i n  
para. 308-4.5. 

308-4.6.3.6 If more than one row of bolts has to be 
relocated, an engineering assessment shall be performed. 
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Figure 308-4.6.1-1 
Relocation of One or Two Anchors Within a Design Plate 

Assembly 

1· L 

r 
r =  2d 

�F=i • 

w I I 

��� • 
r =  2d 

• 

e = design location of anchor 

X = relocated anchor 

Figure 308-4.6.2-1 
Relocation of More Than Two Anchors Within a Design 

Plate Assembly 

M i n i m u m  per _____ 5 __ _. !Table 308-4.3-2 
s - 2d 

--+-+--------+--
· --+---� 
x 

s - 2d s s s - 2d 

�---+-+-- . x x e --+-�-� 

s - 2d 

K----- s --� 

e = design location of anchor 

x = relocated anchor 

308-5 EXAMI NATION 

The threaded rod extension welded per para. 308-4.1 
shall be examined using the magnetic particle method per 
ASME BPVC, Section V. Acceptance/rejection criteria for 
MT are the applicable construction code or post-construc­
tion code. All other repairs shall be examined per original 
installation requirements and follow the acceptance 
criteria per the original installation requirements. 
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Figure 308-4.6.3-1 
Using an Enlarged Plate 

T • • • 

u w • • 

l • • 0 

I· L ·I 
Saturation Requiring Resolution 

• = satisfactory hole dr i l led 
at  design anchor location 

O = satisfactory hole cannot be 
dri l led at desig n  anchor 
location 

� = abandoned (grouted) hole 

X = relocated hole 

D = design component location 

! ! = relocated com ponent 
:_-::.: 

e = 3 in .  ( maxi m u m )  

W '  = W + 3 in .  (maxi m u m )  

L' = L + 3 in .  ( maxi m u m )  
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Resolution B 

308-6 TESTING ASME Boiler and Pressure Vessel Code, Section V, Nonde­
structive Examination 

Testing shall be per original installation requirements. 
In the event it is determined that testing of the actual 
repaired anchor is not feasible, it is acceptable to repre­
sent the installation/repair method in a prototype if the 
anchor sample(s) are prepared in the same manner. 

(22) 308-7 REFERENCES 

The following is a list of publications referenced in this 
Article. Unless otherwise specified, the latest edition shall 
apply. 

AC! 318-02, Building Code Requirements for Structural 
Concrete 

Publisher: American Concrete Institute (AC!), 38800 
Country Club Drive, Farmington Hi l l s ,  M I  483 3 1  
( www.concrete.org) 
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Publisher: The American Society of Mechanical Engineers 
(ASME), Two Park Avenue, New York, NY 10016-5990 
( www.asme.org) 

AWS Dl.4, Structural Welding Code-Reinforcing Steel 
Publisher: American Welding Society (AWS), 8669 NW 36 

Street, No. 130, Miami, FL 33166 (www.aws.org) 

Manual of Steel Construction 
Publisher: American Institute of Steel Construction (AISC), 

130 East Randolph Street, Suite 2000, Chicago, IL 60601 
( www.aisc.org) 
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Mandatory Appendix 308-1 
Anchors I nstallation Using Chemical Means (Adhesive) 

308-1-1 Adhesive Anchors 

Adhesive anchors have the advantage of working in 
lower strength concrete; however, they are more expen­
sive to install than mechanical anchors. The adhesive 
anchor works by drilling a hole in the concrete, filling 
it with adhesive, and then inserting the anchor. The 
shear force is spread equally along the length of the 
rod. The following are Drop-In Adhesive Anchor Installa­
tion Instructions: 

(a) Select the proper size drill bit. Drill the hole per­
pendicular to the work surface. Do not ream the hole 
or allow the drill to wobble. 
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(b) Clean hole of any dust and debris as any left will 
reduce the holding capacity of the anchor. 

(c) Inject the adhesive into the hole approximately half 
full. 

(d) Insert anchor into the hole with a slight twisting 
motion. 

(e) Allow the adhesive to cure per the manufacture's 
specification. Do not touch the anchor during this cure 
time. 

(fJ After the cure time has elapsed, it is safe to load the 
anchor by placing a washer and nut on the anchor and 
tighten to torque values listed in the manufacturer's spec­
ification. 
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Article 309 
Valves With Pressure Seal-Type Bonnets 

In the Course of Preparation 
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Hot Bolting 
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Article 311 
Hot and Half Bolting Removal Procedures 

311-1 DESCRIPTION 

311-1.1 Introduction 

Bolts in flanged joints that have been in service can be 
difficult to remove. Such difficulties at the start of shut­
downs for plant maintenance can result in costly schedule 
interruptions, or extend the duration of activities involv­
ing some hazard. The use of hot and half bolting removal 
procedures may be considered as a possible solution. 

311-1.2 Hot Bolting 

Hot bolting is the sequential removal and replacement 
of bolts on flanged joints while under reduced operating 
pressure (see para. 31 1-3.4) .  It is carried out one bolt at a 
time in a predetermined cross pattern sequence. Each 
replaced bolt is fully tensioned before the next one is 
removed. 

Hot bolting can be used to clean, lubricate, and reinstall 
existing bolts for preshutdown activities ,  replace 
corroded or damaged bolts, or upgrade the material spec­
ification or grade of bolts. 

NOTE: Hot bolting can also be used to check residual bolt stress 
after a period of operation, or to retighten loose bolts. Hot bolting 
for these purposes is beyond the scope of this Standard. 

311-1.3 Half Bolting 

Half bolting is the removal of every other bolt (so the 
flange is left with half the number of bolts) during plant 
depressurization, usually when the system is close to 
atmospheric pressure. 

NOTE: Half bolting is also sometimes referred to as skip bolting 
or odd bolting. 

311-1.4 Definition of Bolt 

Bolt as used herein is an all-inclusive term for any type 
of threaded fastener that can be used in a pressure­
boundary bolted flange joint assembly such as a bolt, 
stud, studbolt, cap screw, etc. 
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311-2 LIMITATIONS 

311-2.1 Additional Requirements 

Part 1 of this Standard, "Scope, Organization, and 
Intent," contains additional requirements and limitations. 
This Article shall be used in conjunction with Part 1. 

311-2.2 Risks Associated With Hot and Half 
Bolting 

Although hot bolting and half bolting removal proce­
dures can reduce plant downtime, they are potentially 
hazardous and therefore caution shall be exercised in 
their planning and execution. In considering potential 
applications for hot bolting and half bolting removal 
procedures, any potential benefits from these activities 
should be carefully weighed against the risks (see 
para. 3 1 1-3 .1) .  

311-2.2.1 Risks Associated With Hot Bolting. When 
conducting hot bolting removal procedures, the risks 
of fluid leakage are increased due to increased bolting 
stresses and relaxation of gasket compression, both 
potentially resulting in joint leakage or gasket segment 
blowout. 

311-2.2.2 Risks Associated With Half Bolting. When 
conducting half bolting removal procedures, the risks of 
flu id leakage are increased due to reduced gasket 
compression and the possibility that the system may inad­
vertently be repressurized. For this reason, the system 
pressure at which half bolting is conducted should be 
well below design pressure and preferably at or near 
atmospheric pressure with local management controls 
in place to prevent repressurization. 

311-2.3 Procedures and Safe Work Practices 

The requirements and guidance for hot bolting and half 
bolting removal provided in this Article are generic in 
nature and shall be combined with a job-specific proce­
dure along with other appropriate plant safe work prac­
tices. 
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311-3 DESIGN 

311-3.1 Engineering and Risk Analysis 

An engineering and risk analysis of the proposed hot 
bolting or half bolting removal operation shall be  
carried out  to  establish that the  operation can  be  
performed safely; e.g., establish that no  unacceptably 
h igh external loads and/or bending moments are 
acting on the joint that could cause leakage or gasket 
blowout during the operation. The analysis should 
consider, as a minimum, the following: 

(a) contents of the piping or equipment 
(b} design and operating pressures and temperatures 
(c) possible upset conditions 
(d) bending moment on joint (see para. 3 11-3 .2 .1) 
(e) position and functionality of piping supports 
(f) position and type of expansion bellows 
(g) maintenance history of the joint 
(h} experience with hot or half bolting procedure appli­

cation to similar joints 
(i) the target torque used in joint assembly 
(j) confined vs. unconfined gasket type 

NOTE: A spiral wound gasket with a centering ring is considered 
to be a confined gasket. 

(k) through bolted vs. bolts studded unto tapped holes 
(see para. 3 1 1-3.6) 

(/) gasket material/thickness 
(m) condition of flange 
(n) condition of bolts; including consideration whether 

the necessary bolt stress is sufficient, or overstressed (see 
paras. 31 1-4.1.6 and 31 1-4.1 .7) 

(o) condition of nuts (see paras .  3 1 1 -4 . 1 . 6  and 
311-4.1 .7) 

311-3.2 Minimum Number of Flange Bolts 

Unless the results of the engineering and risk analysis 
establish that the consequences of either joint leakage or 
gasket blowout are acceptable, flanges should have a 
minimum of eight bolts. 

311-3.2.l Bending Moments on ASME Bl6.5 Class 150 
Flanges. The 8-bolt Class 150 816.5 flange is recognized 
as being uniquely under-bolted and thereby can only 
accommodate modest external bending moments, a 
consideration in the risk analysis. 

311-3.3 Determining Maximum Pressures When 
Conducting Hot/Half Bolting 

The maximum pressure allowed while conducting 
either operation shall take due consideration of 

(a) the applicable pressure-coincident temperature 
rating for standard flanges (such as ASME 16 . 5  or 
ASME 8 16.47) 

(b J the calculated maximum allowable pressure per the 
applicable construction code for nonstandard flanges 
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(c) the presence of external loads and/or bending 
moments on the flange and the role they play on the 
flange pressure carrying capability 

NOTE: It is recommended that the external axial loads and 
external bending moments acting across the flange be conser­
vatively converted into equivalent pressure. This total equiva­
lent pressure plus the design pressure of the system under 
consideration becomes the pressure to be used in the risk 
analysis. 

(d) the reduction of e ffective minimum gasket 
compressive stress between bolts associated with bolt 
removal; e.g., that sufficient loading remains on the 
gasket to ensure that it maintains a seal 

311-3.4 Maximum Pressure/Hot Bolting 

Unless otherwise justified by an engineering and risk 
analysis, hot bolting may be performed only when the 
operating pressure is equal to or less than 50% of 
m a x i m u m  p r e s s ure  a l l owed  a s  d e t e r m i n e d  in  
para. 3 1 1-3.3. 

311-3.4.l Confirming Reduced Pressure Prior to Hot 
Bolting. Confirmation that the pressure has been reduced 
and that repressurization is not practicable shall be 
obtained from operations personnel before the hot 
bolting removal operation is started. 

NOTE: In paras. 311-3.4.1 and 311-3.5.1, "not practicable" means 
that sufficient controls are in place to ensure repressurization 
will not occur until the system is returned to a status when it is 
safe to do so. 

311-3.5 Maximum Pressure/Half Bolting 

Unless otherwise justified by an engineering and risk 
analysis, half bolting may be performed only during 
depressurization when the pressure is equal to or less 
than 25% of the maximum allowable pressure or 50 
ps ig, whichever is lower, and when low pressure 
steam, air, or nitrogen (also see para. 3 1 1-4.1.5) is the 
purging media. 

NOTE: If the fluid contents are such thatthere is low risk of injury 
associated with accidental contact, the need for purging may be 
reviewed for deletion. 

311-3.5.l Confirming Reduced Pressure Prior to Half 
Bolting. Confirmation that the pressure has been reduced 
and that repressurization is not practicable shall be 
obtained from operations personnel before the half 
bolting removal operation is started. 

311-3.6 Tapped Holes - Use of Hot Bolting 

If bolts stud into tapped holes, the use of the hot bolting 
procedure is not recommended unless it is known that the 
threads on the studded end of the bolt have been relieved 
to eliminate the possibility of damaging the tapped 
threads when the bolt is backed out. 
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Even if this thread relief has been provided, it should be 
recognized that studded joints are inherently more sensi­
tive to reduction in bolt prestress due to normal embed­
ment and gasket creep effects. Accordingly, the probability 
of a leak/gasket blowout is greater during either a hot or 
half bolting operation than for a counterpart through­
bolted joint. 

311-4 FABRICATION 

311-4.1 Preparation 

3 1 1 - 4 . 1 . 1  Perso n n e l  Protect ive E q u i p m ent/  
E mergency Plann ing .  Appropriate protective and  
safety equipment shall be  worn in  case of  leakage. The 
need for emergency standby and contingency planning 
shall also be considered. 

311-4.1.2 Access Considerations. Consideration shall 
be given to the accessibility of the area and that adequate 
escape routes are available should uncontrolled flange 
leakage occur. 

311-4.1.3 Location and Condition of Isolation Valves. 
The location and condition of the nearest upstream and 
downstream isolation valves shall be ascertained prior to 
commencing work. Operations personnel shall have a 
contingency plan for the isolation of the joint, which 
addresses the need to block in or depressurize the equip­
ment rapidly should an uncontrollable leak occur. 

311-4.1.4 Identification of Emergency Facilities. As 
necessary, emergency facilities such as safety showers 
and eye baths should be identified and locations made 
known to personnel involved in the work. 

311-4.1 .5 Consideration of N itrogen Hazards. I f  
nitrogen is used as  a purging medium, consideration 
shall be given to protection of personnel should a leak 
occur in a confined space. 

311-4.1.6 Inspection of the Flange Assembly. A thor­
ough inspection of the flange assembly should be  
conducted to  verify the integrity of the flange and its 
bolting, with consideration given to the following: 

(a) deterioration of the bolts and nuts, such as necking 
(corrosion thinning), worn threads, or cracking 

(b) the ability of the gasket to be retightened and its 
blowout potential 

(c) deterioration of the gasket, and the potential of 
gasket failure due to disturbance or retightening 

( d} verification of sufficient thread engagement before 
half bolting of studded flanges, e.g., by ultrasonic measure­
ment of stud length 

311 -4 . 1 .7  Assessment  of Exist i n g  Bolt Load 
Capabi lity. I f  deterioration of bolts  and nuts [see 
para. 3 1 1 -4 . 1 .6 (a) ] i s  found, consideration shall be 
given to the safety aspects of bolt removal and the 
increased load on the remaining bolts. An analysis of 
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the minimum required bolt load for leak tightness and 
an assessment of the possible bolt stress may be required 
to ensure the bolts have sufficient load carrying capability. 

311-4.2 Execution 

311-4.2.1 Check of Existing Bolts for Tightness. To 
anticipate flange bolt relaxation, every bolt shall be 
checked for tightness prior to removing the first bolt. 
Bolt tightness may be checked by applying torque with 
either a hand wrench or a hydraulic torque wrench. 
Do not use hammer (slug) wrenches. 

311-4.2.2 Sequence of Bolt Changeout. When hot 
bolting, the bolts shall be changed out one at a time in 
a proper tightening sequence (see ASME PCC-1, Nonman­
datory Appendix F). The numbering system for the appro­
priate tightening sequence should be marked on the flange 
in a readily visible location before starting to remove any 
bolts. 

311-4.2.3 Considerations Relative to In-Service vs. 
Pre-Shutdown. The provisions of paras. 3 1 1 -4 .2 .4  
through 3 1 1-4 .2 .7 may be more applicable when the 
flange is intended to remain in service, as opposed to 
immediately prior to shutdown. This should be considered 
in the engineering and risk analysis (see para. 3 11-3 .1 ). 

311-4.2.4 Cleaning and Lubrication of Surfaces. As 
bolts and nuts are removed, the surface of the flanges 
where contact is made with the nuts should be wire or 
power brushed clean (remove protrusions, spot face if 
required). Proper lubrication with an approved lubricant 
should be applied to the friction surfaces of the bolt 
assembly. This includes the threads and all bearing 
surfaces of the nuts except for the surface between the 
nut and the flange at the rear of the joint (on the opposite 
side of the flange from the torque wrench), where it is 
beneficial to allow friction to develop between the 
bearing surfaces. 

311-4.2.5 Hand Tightening and Baseline Bolt Length 
Readings. Install bolts and nuts hand tight, with the 
marked ends of the bolts and nuts located on the same 
side of the joint and facing outward to facilitate inspection. 
If ultrasonic elongation control is to be used, initial bolt 
length readings should be taken and recorded at this time. 

311-4.2.6 First Pass Torquing. Before new bolts/nuts 
are installed, check to determine that the nuts run freely by 
hand past where they will come to rest after tightening. If 
nuts will not turn freely by hand, check for cause and make 
necessary corrections/replacements. 

As each new bolt is installed, tighten the bolt using the 
target torque value. Continue this process for each bolt in 
the appropriate sequential pattern. If ultrasonic elonga­
tion control is to be used, readings should be taken after 
the first eight bolts have been replaced, and the torque 
values adjusted, if necessary. If the adjusted torque 
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value is substantially higher than that used for the first 
eight bolts, these bolts should be retorqued using the 
new torque value. 

NOTE: Differential thermal expansion may cause a loss of bolt 
load during the cooldown of hot flanges (see ASME PCC-1, Non­
mandatory Appendix 0). This should be considered in deter­
m i n i n g  t h e  h o t  r e a s s e m b l y  b o l t  l o a d .  I n  a d d i t i o n ,  
consideration should be given to allowing replacement bolts 
to reach their operating temperature prior to final tightening. 

311-4.2.7 Final Torquing. After each tightening round, 
take measurements around the circumference of the gap 
between flanges with a vernier or caliper to verify that the 
flanges are being brought together evenly (see ASME 
PCC-1, Nonmandatory Appendix J). 

After the first pass torquing all bolts to the target torque 
value in an appropriate sequential order, one of the 
following actions shall be required, depending upon 
whether or not ultrasonic elongation control is used: 

(a) Tighten all bolts again using the same torque value 
and following the sequential order from the first pass, 
fo l lowed by one or more passes  us ing the target 
torque value in a rotational order. 

(b} Take ultrasonic readings and adjust the torque 
value, if necessary. Then, if the torque value is changed 
as a result of the ultrasonic elongation measurements, 
retorque twice at the final torque value in the appropriate 
sequential order, followed by at least one pass in a rota­
tional order, until the nuts will not turn at the target 
torque. If it is not necessary to change the target 
torque value, follow step (a) above. 

311-4.2.8 Cutting of Bolts. Cold cutting of seized bolts 
and use of nut splitters is acceptable. Thermal cutting 
methods should not be performed unless the engineering 
and risk analysis (see para. 3 1 1-3 .1) determines that it can 
be done safely. Of particular concern are lines containing 
contents that can generate a fire or release toxic materials. 
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311-5 EXAMI NATION 

311-5.1 Examination for Workmanship and 
Leakage 

Within the context of these requirements, examination 
consists of an in-process visual check for good workman­
ship and an in-service visual check for signs of leakage. 

311-5.2 Examination of Bolts for Proper Material 
Specification 

The markings on the bolts should be visually checked to 
verify that the correct material is being used. This may be 
supplemented with PM! if additional assurance of correct 
material is desired. 

311-6 TESTING 

There are no testing requirements associated with this 
Article. 

311-7 REFERENCES 

The following is a list of publications referenced in this 
Article. Unless otherwise specified, the latest edition shall 
apply. 

ASME B16.5, Pipe Flanges and Flanged Fittings, NPS 1/2 
Through NPS 24 

ASME B 16.47, Large Diameter Steel Flanges, NPS 26 
Through NPS 60 

ASME PCC-1 ,  Pressure Boundary Bolted Flange Joint 
Assembly 

Publisher: The American Society of Mechanical Engineers 
(ASME), Two Park Avenue, New York, NY 10016-5990 
( www.asme.org) 
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Article 312 
I nspection and Repair of Shell and Tube Heat Exchangers 

312-1 DESCRIPTION 

This Article provides general good recommendations 
and requirements for the following repair techniques: 

(a J determining the type of inspection technique to use 
for the inspection of the tubes and tube bundle of a shell 
and tube heat exchanger 

(b J determining the type of inspection technique to use 
for the inspection of the tubesheet and the tube-to-tube­
sheet assembly of a shell and tube heat exchanger 

(c) determining the type of inspection to use for the 
other pressure containing components of a shell and 
tube heat exchanger 

(d) providing repair techniques for common mechan­
ical failures of various components in a heat exchanger 

312-2 LIMITATIONS 

312-2.1 General 

Part 1 of this Standard, "Scope, Organization, and 
Intent," contains additional requirements and limitations. 
This Article shall be used in conjunction with Part 1. 

312-2.2 Exclusions 

(a) This Article shall not be applied to heat exchangers 
constructed in accordance with ASME BPVC, Section VIII, 
Division 3. 

(b} Heat exchangers other than shell and tube design 
are not included in the scope of this Article. 

312-3 DESIGN 

This section provides guidelines for consideration when 
determining repairs to components of heat exchangers. It 
may be necessary for the user to have completed an 
inspect ion of the components, consider p revious 
damage experienced, or consider lessons learned in the 
operation of similar equipment prior to beginning 
design work. 

312-3.1 Existing Conditions 

Existing conditions are as follows: 
(a) the original design conditions and calculations. 
(b J ensuring that the design conditions, with an appro­

priate margin, correspond to the actual normal operating 
modes including startup, shutdown, and upset conditions. 
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(c) current operating parameters, i .e . ,  pressures, 
temperatures, changes from normal to peaking service. 

(d} determination if a pressure and/or temperature 
rerate is required. 

(e) determination if there is a need for conducting 
fa ilure analysis to reduce the potential for future 
damage. Reference also API 579 / ASME FFS-1. 

312-3.2 General 

(a) Materials used for replacement components shall 
be of the same material type as the original component 
unless an engineering analysis is performed indicating the 
need to change the material due to the damage 
mechanism(s) . This analys is  shall account for new 
mechanisms introduced due to potential material inter­
actions. When selecting the material to use, this analysis 
shall also consider the need to match strength, toughness, 
and P-number, and to meet the current toughness require­
ments of the applicable construction code. 

(b) Replacement components shall be of equal or 
greater thickness unless an engineering analysis is 
performed indicating the need for a thickness less than 
the original component thickness. 

(c) When considering the repair method for tubes and 
tube bundles, the user shall consider the impact on the 
efficiency and other operational characteristics of the 
heat exchanger due to the potential reduction of heat 
transfer area. Consultation with a heat transfer specialist 
may be necessary. 

( d) The following additional factors should be consid­
ered: 

(1) Determination of acceptable wall loss will 
depend on a number of factors that include 

(-a) duration of current service run 
(-b) time to the next planned outage 
(-c) the criticality of the exchanger operation 
(-d} damage mechanisms that the tubes are 

exposed to including the rate of corrosion 
(-e) historical rate of failure and whether that rate 

has been increasing 
(-f] potential for metallurgical upgrade 
(-g) the potential consequence due to tube failure 
(-h} equipment accessibility 
(-i) the scope of the inspection work 
(-j) the accuracy and effectiveness of the inspec­

tion method 
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(2) For heat exchangers deemed critical to the opera­
tion and/or process safey of the facility, the following 
should also be considered: 

(-a) total replacement of the tube bundle when 
tubes inspected indicate a wall loss of 40% or more of 
the initial, nominal thickness 

(-b} tube bundle replacement or individual tube 
replacement when tubes inspected indicate a wall loss 
of 20% to 40% of the initial, nominal thickness 

312-3.3 Tubes and Tube Bundles 

(a) Tubes and tube bundles should be assessed using 
the data obtained by inspection performed in accordance 
with Mandatory Appendix 312-1 for the types ofrepairs to 
perform; plugging by welded, mechanical, or friction fit 
plugs, partial replacement of the tube bundle, or full re­
placement of the tube bundle. 

(b} When considering the use of mechanical or friction 
fit plugs, the user should consider the impact on the effi­
ciency and other operational characteristics of the heat 
exchanger due to the reduction of heat transfer area, espe­
cially for heat exchangers that are deemed as critical to the 
operation and/or process safety of the facility. Consulta­
tion with a heat transfer specialist may be necessary. 

(c) Sleeves may be installed in tubes to line a region of 
tube damage or to restore tubes that have thinned. They 
are not typically used for protection of tube ends; see 
para. 312-4.4 and (d) below. 

( d) Ferrules may be installed in tubes for entrance 
erosion protection of for thermal protection of tube 
ends .  They are not typically used for general tube 
damage; see para. 312-4.3 and (c) above. 

(e) For (c) and (d), one should consider the following: 
(1) uniformity of contact between the sleeve or 

ferrule and tube, see paras. 312 -4.3 (b) and 312-4.4 
(2) possibility of crevice corrosion between the 

sleeve or ferrule and tube 
(3) possibility of bulging the tube, which can make 

retubing difficult 
(4) additional pressure drop 
(5) reduction of tube fluid flow due to the sleeve or 

ferrule 
(6) additional heat transfer resistance 
(7) differential radial and axial thermal expansion 

between sleeve or ferrule and tube 
(f) The tube bundle supports should be assessed using 

the data obtained by inspection performed in accordance 
with Mandatory Appendix 3 12-1 .  If data indicates that 
failure of tubes is due to damaged support plates, consid­
eration should be given to replacing with alternative 
designs. Specific items to consider include the following: 

(1) The corrosion allowance provided for the 
support plate should be twice the value for the shell 
side due to the potential for the plates to corrode at 
the regions where the tubes penetrate the supports 
and lead to tube vibration induced issues. If zero, consid-
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era ti on should be given to assigning a nominal value of 3 
mm (1/s in.). 

(2) Consideration should be given to use of alloy 
support plates/baffles instead of thicker carbon steel; 
however, harder material may result in more damage 
to the tubes rather than the support plates/baffles .  
Also, the effects of differential thermal expansion 
should be considered. Consultation with a materials/ 
corrosions specialist may also be necessary. 

(3) The spacing between the support plates should 
be evaluated and adjusted if analysis indicates potential 
vibration of tubes resulting in damaged tubes and/or 
support plates. Evaluation per TEMA RCB Section 5 
and Section 6 should be considered. Consultation with 
a heat transfer specialist may also be necessary. 

(4) Tube stakes are rods, strips, or other devices 
inserted between tubes for bracing and/or support. 
They may be used to add tube support to an existing 
bundle for the purpose of eliminating tube vibration. 
Installation requires access from the shell side, and the 
main advantage is that disassembly of the tube bundle 
is not required. Special consideration may be necessary 
for the use of stakes in U-tube bends because some stake 
designs require that the tubes be round and evenly spaced. 

Tube stakes were developed for use when a change in 
tube material or an increased flow rate requires additional 
tube supports, and increasing the number of support 
plates is not possible or desirable. They can be used 
any time additional tube support is required such as to 
p rov ide  addit iona l  support fo r deter iorated or  
damaged support plates, to provide additional support 
between segmented baffles, or to provide additional 
support at inlet nozzles. If tube stakes are fabricated 
from flat bar and inserted in every other tube row, it 
may be necessary to vary the bar thickness such that 
each tube is contacted or even displaced from its original 
position. 

Evaluation of the shell-side pressure drop, and 
changes in shell-side flow are necessary. The compatibility 
of tube and stake materials should be evaluated. Also, the 
effects of differential thermal expansion should be consid­
ered. 

(g) If impingement protection is required to prevent 
flow-induced erosion, refer to applicable standards 
such as AP! Standard 660, TEMA, and HE! for design re­
quirements. 

312-3.4 Tubesheet 

(a) Material used to replace a tubesheet shall be of the 
same or greater allowable stress as used for the original 
component. 

(b} If an engineering analysis indicates tube replace­
ment of a larger diameter is required, additional analysis 
on the tubesheet shall be performed to determine if the 
ligament efficiency is acceptable. The analysis shall meet 
the original construction code, or if this is not known, the 
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analysis shall meet the requirements of ASME BPVC, 
Section VIII, Division 1. 

(c) Tubesheets should be assessed using the data 
obtained by inspection performed by a method listed 
in Mandatory Appendix 3 12- 1 1  for determination of 
repair or replacement of the tubesheet. Common condi­
tions for consideration include 

(1) cracking (not through the total thickness) of 
tubesheet on shell side; more typical in vertical units. 
Installation of a tubesheet vent and drain should be 
considered to promote liquid full operation. The vent 
should be a 19 mm c% in.) nozzle welded to the edge 
of the tubesheet, with a 16 mm c% in.) hole in the tube­
sheet that is parallel to the tubes to the midsection of the 
tubesheet, then normal to the tubes to the edge of the 
tubesheet. A gate or ball valve should be installed on 
the nozzle along with a blind flange or plug. 

(2) separation of weld overlay cladding resulting 
from wire drawing of high-pressure tubeside fluid 
leaking through tube-to-tubesheet joints. 

(3) cracking in the ligament of the tubesheet. A 
failure analysis should be performed to determine the 
damage mechanism. The decision to repair versus 
replace the tubesheet should be based on the damage 
mechanism along with the extent of the ligament cracking. 

(4) corrosion of the tubesheet can occur on the back­
side (shell side) of the tubesheet. When the corrosion 
allowance on the backside has been consumed, the tube­
sheet should either be replaced or an engineering evalua­
tion performed to determine its fitness for service. 

(5) corrosion of the tubesheet can occur on the front 
face (tube side) of the tubesheet. When the corrosion 
allowance on the face has been consumed, the tubesheet 
should either be replaced or an engineering evaluation 
performed to determine its fitness for service. Alterna­
tively, the face of the tubesheet may be repaired by 
weld buildup that is conditioned by grinding or other 
mechanical means such that it is returned to the original 
thickness of the tubesheet. Factors to consider when 
pursuing this option include 

(-a) minimum distance between the front face of 
the tubesheet and the groove for tube-to-tubesheet joints 

(-b} the need for welding, strength or seal, of the 
tube-to-tubesheet joint and the need for setback from the 
front face 

312-3.5 Tube-to-Tubesheet Joints 

Tube-to-tubesheet joints should be assessed using the 
data obtained by inspection performed by one of the 
methods listed in para. 3 1 2-5 .3  for determination of 
repair type. Repair types for leaking joints include 

(a) replacement of a damaged tube, see para. 312-4.6. 
(b) plugging a tube, see para. 3 12-4.2 . 
(c) removing the tube and performing weld buildup of 

the tube hole and then remachining the tube hole to the 
original tube hole diameter. Design of the mechanical joint 
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should be made to the original construction code or ap­
plicable post-construction code, or to ASME BPVC, Section 
VIII, Division 1, Nonmandatory Appendix A Caution must 
be exercised to avoid damage to adjacent tubes. 

( d) seal welding or strength welding of the joint. Design 
of the welded joint, if previously welded, should be made 
to the original construction code or applicable post­
construction code, or to ASME BPVC, Section VIII, Division 
1, Nonmandatory Appendix A. Consideration should be 
given to the cleanliness of the joint considering potential 
residue from the fluids. 

(e) consideration shall also be given to the effect of style 
of heat exchanger on loading of the tube-to-tubesheet 
joint. For example, a fixed tube exchanger may have 
higher loadings due to differential thermal expansion 
than a U-tube exchanger. 

312-3.6 Bimetallic Shell-to-Tubesheet Welds 

When the shell and tubesheet are made of different 
materials, the thermal stress between the shell and tube­
s he et should be considered. A common solution to 
cracking of this weld is to change the shell material to 
match the tubesheet. An entire shell may be replaced, 
or bands or shell material may be installed adjacent to 
the tubesheet. Reevaluation of the heat exchanger 
mechanical design due to the change in thermal expansion 
or strength of the shell may be required. 

312-3.7 Shell, Channel, or Other Pressure­
Retaining Components 

(a) Materials used to replace or repair pressure­
retaining portions of a shell or channel shall be of the 
same allowable stress as the original component, 
unless additional analysis is performed to justify changing 
the material. 

(b} Replacement of these or other pressure-retaining 
components shall comply with the applicable construction 
code .  For additional guidance on replacement, see 
Article 301. 

(c) Non-pressure-retaining portions of components 
shall meet the original construction code or applicable 
post-construction code. 

( d) Additional guidance on pass-partition plates may 
be found in AP! Standard 660. 

312-4 FABRICATION 

312-4.1 General Considerations 

(a) When multiple heat exchangers are in use in a 
parallel configuration, consideration should be given to 
the flow requirements for each exchanger. Experience 
has shown that a single heat exchanger removed from 
service can result in higher flows to the other heat 
exchanger(s) that may cause damage from erosion, 
tube bundle vibrations, or other mechanical damage. 
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Figure 312-4.2-1 
Typical Friction Fit Tapered Tube Plug 

{b} Prior to repairs and to increase accuracy of inspec­
tion, the tubes should be evaluated for the need to be 
cleaned. Cleaning may be performed by high pressure 
water b la st ing ,  chemica l  so lu tions ,  or abras ive 
blasting/scrubbing. Selection of a cleaning methodology 
shall give consideration to the nature of fouling, tube 
material type, and tube enhancements. 

{l} H igh pressure water b lasting is normally 
performed at 70 MPa (10 ,000 psi) .  In  some cases, 
ultra-high pressure water blasting may be necessary at 
pressures up to 275 MPa ( 40,000 psi). Other factors essen­
tial to removal of deposits include water flow rate and the 
spray tip configuration. 

(2) When cleaning with chemical solutions, a mate­
rials engineer should be consulted to ensure no detri­
mental effects occur to the tubes and/or shell of the 
heat exchanger. For example, a caustic solution should 
not be used in 300 series stainless steel tubes. 

(3) When performing abrasive blasting/scrubbing, 
care shall be exercised to ensure no adverse damage 
to the tubes occurs. Deterioration of heat transfer 
capabil ity shal l  be considered when cleaning tubes 
with internal components designed to enhance heat 
transfer by increasing turbulence through the tubes. 

[c) Inspection of the tubes periodically during the 
cleaning process should be made to ensure consistent 
results. Use of a horoscope may improve inspection 
results. 

[ d} When a tube bundle must be removed from its shell 
for purposes of inspection or repair, caution should be 
exercised to avoid damage to the tubes or other compo­
nents. 
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[e) When it is known that a tube or multiple tubes are 
leaking, consideration shall be given to pulling a tube for 
failure analysis to aid in determination of the damage 
mechanism. 

(f) All welded repairs shall be made using qualified 
welding procedures. Welders and welding operators 
shall be qualified in accordance with the requirements 
of the applicable construction code or post-construction 
code. Welding procedure qualifications shall include 
impact tests if required by the applicable construction 
code for the component being repaired. 

[g) Welding materials and processes shall be as 
currently permitted by the applicable construction 
code or post-construction code for the component. 
Welding of carbon and low alloy steels should be 
performed with low hydrogen electrodes and processes. 

312-4.2 Tubeside Repair by Plugging 

Repair of tubes may be accomplished by plugging the 
tube at the tubesheet with a welded or mechanical attach­
ment. 

[a) All tubes that are plugged should be pierced to 
provide for venting and draining. When doing so, vertical 
tubes should be pierced at each end, and horizontal tubes 
should be pierced on top and bottom of the tube. Piercing 
of each tube prevents possible plug blowout and permits 
the validation of the integrity of the tube plug, see (b)(4). 
Large temperature differential between tu beside and shell 
side may require the tube to be cut in two. 

{b} Friction fit tapered plugs (Figure 3 12-4.2-1) shall 
only be used in services that meet all of the following con­
ditions, unless an engineering evaluation is performed 
indicating the acceptability of these plugs in other 
services: 

(1) shell-side operating pressure 1.5 MPa (200 psi) 
or less. 

(2) shell-side operating temperature 205°C ( 400°F) 
or less. 

(3) tube-to-tubesheet joints are expanded and not 
welded. 

NOTE: Inspection of the expanded tube for tube thinning should 
be made to ensure that installation of the plug does not further 
damage the tube leading to seal failure between the plug and the 
tubes. 

(4) tapered plugs that are installed where tubes are 
not pierced can present a serious safety hazard. If the tube 
cannot be pierced, the tube should be pulled or other 
measures should be taken to ensure personnel protection, 
such as welding the plug to the tubesheet and draining all 
liquids from the tube being plugged. 

[c) Mechanical plugs (Figure 3 12-4 .2-2) should be 
considered in situations where friction fit tapered 
plugs are not appropriate for the pressure and/or 
temperature of service or other mechanical/environmen­
tal conditions. These types of plugs have been used in 
serv ices  of up to 5 0  M Pa ( 7 , 000  ps i )  and  5 9 5 °C 
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Figure 312-4.2-2 
Typical Mechanical Fit Tube Plugs 

(1, 100°F). Mechanical plugs are typically installed by a 
pneumatic or hydraulic system. See Figure 3 12-4.2-3 . 
Other styles of plugs may be considered for higher pres­
sures. Consideration shall also be given to the following: 

(1) tubes with internal surface severely corroded or 
cracked 

(2) when the tube and the plug have dissimilar 
metallurgy 

Figure 312-4.2-3 
Typical Installation of Mechanical Fit Tube Plugs 

GENERAL NOTE: ©2006 Photo courtesy ofEST Group Inc., used with 
permission. 
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(3) installation in severely corrosive service 
(4) condition of the mechanical joint of the tube-to­

tubesheet in rolled tube situations 
(d) A plug map should be developed to record the 

number and location of tubes that have been plugged. 
Additionally, the number of tubes, cumulative number 
of tubes versus the duration, should be charted. When 
the sharp turn in tube failure numbers occurs, replace­
ment of the tube bundle should be considered. See 
Figure 312-4.2-4 for example chart. 

(e) Tracking of pressure loss due to tube pluggage 
should be considered as some exchanger types cannot 
function properly beyond certain tubeside pressure 
losses. Provisions for internal bypass should be consid­
ered if repair is not performed in order to prevent 
failure of pass partitions. Proper design of this bypass 
can  be determined from industry re ferences  i n  
section 3 12-7 o f  this Article. 

312-4.3 Tubeside Repair by Sleeving Tubes 

(a) Sleeving versus tube replacement may be advanta­
geous when repairing previously plugged tubes because of 
perforations in discreet identifiable locations, or to bridge 
failures in discreet locations of tubes that are otherwise 
intact. 

(b J The methods of sleeve installation include the 
following: forcing a ball though the sleeve, welding the 
ends of the sleeve, roller expansion of the sleeve, explosive 
bonding of the sleeve and hydraulic expansion of the 
sleeve. One should consider the possibility of bulging 
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Figure 312-4.2-4 
Sample Chart: Number of Tube Failures by Month 
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the tube, which can make retubing difficult. A mock-up 
may be advisable to ensure weld or expansion quality. 

(c) A map should be developed to record the number 
and location of tubes that have been sleeved. Additionally, 
the number of tubes, cumulative number of tubes versus 
the service time should be charted. If a sharp increase in 
tube failures occurs, replacement of the tube bundle 
shou ld  be cons idered .  S ee  F igure 3 1 2 -4 . 2 - 4  fo r 
example chart. 

312-4.4 Tubeside Repair by Ferrule Installation 

Ferrules may be held in place by a flanged end with a 
tight fit to the tube inside diameter, by expanding the ends 
of the ferrule into the tube at the tubesheet, or by welding. 
Uniform contact with the tube may be achieved by roller or 
hydraulic expansion of the ferrule. One should consider 
the possib il ity of bulging the tube, which can make 
retubing difficult. A mock-up may be advisable to 
ensure weld or expansion quality. 

312-4.5 Tubeside Repair by Pulling Tubes 

(a) Pulling the tube from the exchanger and plugging 
the tubesheet as described in para. 3 1 2-4.2 should be 
considered as a repair option when plugging is not a 
viable alternative, or when the tube will be retained 
for laboratory metallurgical analysis or other specific ex­
amination. 

(b) When pulling a tube and not replacing, potential 
damage to the baffle could occur and consideration to re­
placing the tube should be made. Consultation with a heat 
transfer specialist may also be necessary. 

312-4.6 Tubeside Repair by Replacement 

Repair may be performed by tube replacement, which 
may be accomplished in one of the following methods: 
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(a) replacing individual tubes, which may include 
repair /refurbishing of the tubesheet in the area of the 
subject tube. 

(b) replacement of the entire tube bundle .  See 
para. 3 12-3.2(c). 

312-4.7 Tubesheet Repair 

312-4.7.l Weld Repair of Cracks 

(a) Repair of general cracks that are not completely 
through the thickness of the tubesheet and are not in 
the ligaments may be made in accordance with the guide­
lines of Article 304. 

(b) Repair of general cracks that are through the thick­
ness of the tubesheet and not in the ligaments may be 
repaired by preparing a U- or V-shaped groove to the 
full depth and length of the crack and then filling the 
g r o o v e  w i t h  w e l d  m e ta l  i n  a c c o r d a n c e  wi th  
paras. 312-4.7.1 and 312-4.7.2. 

(c) Repair of cracks in the ligament area of the tube­
sheet may be made in accordance with (a) or (b) above. 
Consideration may also be given to performing an engi­
neering analysis to determine if the equipment may 
continue to operate with the damaged tubesheet. This 
analys is may be performed in accordance with AP! 
579-1/ASME FFS-1 or other post-construction standard. 

(d) When making tubesheet repairs, consideration 
should be given to the impact of this repair on the 
tubes in the general area of the repair. The following 
actions may be necessary: 

(1) removal of tubes in the general area of the repair. 
See para. 312-4.S(b) . 

(2) repair of the tube-to-tubesheet joints. 
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312-4.7.2 Face Repair by Overlay and Machining 

(a) General and localized thinning oftubesheets may be 
repaired by overlay welding and remachining of the face. 

(b} See Article 202 for additional items of considera­
tion. 

312-4.8 Tube-to-Tubesheet Joint Repair 

312-4.8.l Re-Expanding 

(a) Cleaning and inspection shall be performed to 
determine the condition of the tube-to-tubesheet joint 
prior to performing this type of repair. See para. 312-4.1 . 

(b) Tube-to-tubesheet joints with leaks of a small flow 
rate, otherwise known as weeping tubes, where no 
apparent damage has occurred to the seating surfaces, 
may be re-expanded to obtain an acceptable mechanical 
fit of tube to tubesheet. Rerolling is one acceptable method 
of re-expanding. 

(c) Prior to re-expanding, the existing inside diameter 
of the tube in the tubesheet shall be determined as well as 
the loss of material due to corrosion/ erosion. Calculations 
for allowable maximum inside diameter shall be based on 
measured field conditions, tube properties, and tubesheet 
ligament condition. 

(d) See ASME BPVC, Section VIII, Division 1, Nonman­
datory Appendix HH for additional considerations. 

312-4.8.2 Weld Buildup Repair of Tube Holes and 
Machining 

(a) When a tube is replaced and the tube hole has been 
damaged, repair may be effected by weld buildup and 
machining of the hole. 

(b} All welded tube hole repairs shall be made using 
qualified welding procedures .  Welders and welding 
operators shall be qualified in accordance with the re­
quirements of the appl icable construction code or 
post-construction code. Welding procedure qualifications 
shall include impact tests if required by the applicable 
construction code for the tubesheet. 

(c) Welding materials and processes shall be as 
currently permitted by the applicable construction 
code or post-construction code for the tubesheet. 
Welding of  carbon and low alloy steels should be 
performed with low hydrogen electrodes and processes. 

(d} Machining of the hole shall be to original manufac­
turer's specifications for diameter and grooving. 

312-4.8.3 Seal Welding or Strength Welding 

(a) Tube-to-tubesheet welds shall be in accordance 
with the applicable construction code or post-construc­
tion code. 

(b J If seal welds are to be made, consideration shall be 
given to the mechanical tube-to-tubesheet joint to ensure 
its strength. If seal welds are determined to be inadequate, 
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the weld shall be full strength to ensure the integrity of  the 
joint. 

(c) All welds shall be made using qualified welding 
procedures. Welders and welding operators shall be qual­
ified in accordance with the requirements of the applica­
ble construction code or post-construction code. Welding 
procedure qualifications shall include impact tests as 
required by the applicable construction code for the tube­
sheet. 

(d) Welding materials and processes shall be as 
currently permitted by the applicable construction 
code or post-construction code for the tubesheet. 
Welding of carbon and low alloy steels should be 
performed with low hydrogen electrodes and processes. 

312-4.9 Repair of Pressure Containment 
Components 

Repairs to the heat exchanger shell may be performed to 
the original construction code or applicable post­
construction code. See also Article 201 and Article 202. 

312-5 EXAMI NATION 

Examination of heat exchangers typically covers three 
areas; external, internal, and tube bundle. It is not neces­
sary for each inspection to have the same frequency. 

312-5.1 Examination of Tubes and Tube Bundle 

It is important for the proper examination technique to 
be selected for the application at hand. The following non­
destructive examination (NOE) techniques should be 
c o n s i d e r e d  for the  given app l i cat i on .  S e e  a l s o  
Table 3 1 2 - 1 - 1 . 3 - 1  for effectiveness of  examination 
methods. Other examination methods may be chosen 
by the owner/operator, as follows: 

(a) Eddy Current Examination (ET) is generally 
selected for inspection of nonferromagnetic tubes, or 
those that are slightly magnetic. Note that the sensitivity 
of this method decreases for the U-bend portion of U-tube 
bundles. 

(b J Remote Field Eddy Current (RFET) is generally 
used for inspection of ferromagnetic tubes. Its sensitivity 
and accuracy may be less than desired or required and will 
require a higher number of tubes to be inspected. It is a 
quicker method than ultrasonic methods. 

(c) Partial Saturation Eddy Current (PSET) can locate 
and size cracks in ferromagnetic tubes. It might not be 
sensitive to O.D. defects. 

(d) Magnetic Flux Leakage (MFL) may also be selected 
for inspection of ferromagnetic tubes. However, sensi­
tivity of this method can be poor for carbon steel 
tubes, and might only be  best  at determining the 
overall condition of the tube, not determining individual 
defect location. 
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[e) U ltrasonic examination systems designed to 
measure tube wall thickness may be used for small 
heat exchangers, where damage may be localized, or 
for validation of other NOE results. These ultrasonic ex­
amination systems are particularly suited for carbon steel 
tubes due to the lack of sensitivity of other NOE methods. 
One type of system is the Internal Rotary Ultrasonic 
Inspection ( IRIS)  system.  IRIS  i s  an accurate NOE  
method for detecting and sizing l . D .  and  O .D .  metal 
loss in tubes. Another type of system is Shear Wave 
IRIS (SWIRIS) and this can be effective for detecting 
l .D .  and O .D .  cracks. Both IRIS and SWIRJS require 
clean tubes. 

(f) Other NOE methods may be more appropriate for 
the inspection. Consideration should be given to the use of 
radiography (RT} or video probe inspection. These 
methods may be better suited for inspection of the U­
bend portion of U-tube bundles. 

(g) Consideration should be given to the monitoring 
and trending of tube condition as part of a predictive main­
tenance and/or replacement program. 

{h} The minimum number of tubes to be inspected may 
b e  d e t e r m i n e d  b y  t h e  m e th o d s  p r o v i d e d  i n  
Mandatory Appendix 3 12-1. 

312-5.2 Examination of Tube-to-Tubesheet Repair 

Repairs shall be examined by one or more of the 
following methods: 

(a) pressure or leak testing on the shell side; see 
section 3 12-6 

{b} liquid penetrant examination (PT} in accordance 
with the applicable construction code or post-construc­
tion code 

[c) visual examination (VT) in accordance with ASME 
BPVC, Section V, Article 9 

312-5.3 Examination of Tubesheet Repair 

[a) VT i n - p ro ce s s  we ld  examinat ion  sha l l  b e  
performed. 

{b} Surface examination by PT shall be performed at 
the completion of the weld repair. 

[c) Volumetric examination by UT should be consid­
ered when there is a possibility of additional flaws 
being introduced to the tubesheet during the repair. 

312-5.4 Examination of Pressure Containment 
Components Repairs 

(a) All welded repairs should receive VT and PT or MT 
examination, especially for heat exchangers deemed 
critical to the operation and/or process safety of the 
facility. 

(b) Where possible, welded repairs shall receive volu­
metric examination by RT or UT. 
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312-6 TESTING 

Following completion of the inspection, a pressure test 
or tightness test in accordance with Article 501 should be 
considered, particularly if the integrity of the tube-to­
tubesheet joint is in question. 
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Mandatory Appendix 312-1  
Methods for Determining Minimum N u m ber of Tu bes to I nspect 

312-1-1 Introduction 

This Mandatory Appendix provides general good rec­
ommendations and requirements for determining the 
number of tubes to inspect by different methods. The 
user may select any method, and may also deviate 
from the recommendations and requirements of each 
method based on the requirements of the heat exchanger. 

312-1-1.1 Fixed Tube Count 

The following minimum number of tubes inspected 
should be considered: 

(a) 50 tubes or 25% of tube total, whichever is greater, 
for heat exchangers with a total tube count ofless than 500 
tubes 

(b J 20% of tube total for heat exchangers with a total 
tube count of 500 tubes or more, up to 750 tubes 

(c) 15% of tube total for heat exchangers with a total 
tube count of 750 tubes or more, up to 1,000 tubes 

(d} 10% of tube total for heat exchangers with a total 
tube count of more than 1,000 tubes 

312-1-1.2 Tube Bundle 

The following areas of the tube bundle should be exam­
ined at a minimum: 

(a) the first three rows adjacent to the inlet nozzle and 
the last two rows adjacent to the exit nozzle. 

(b} every second tube around the perimeter of the 
bundle. For multipass heat exchangers, the perimeter 
of each pass shall be included. 

(c) a selection of tubes in the interior section of the 
bundle. 

( d) areas with a history of active damage mechanisms. 
(e) areas that have not previously been examined. 
(f) failure of 10% of the tubes examined shall require an 

additional 10% of tubes to be examined in the examined 
area, as per (a) through (e) . 
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312-1-1.3 Use of Inspection Planning 

(a) An inspection planning program may be imple­
mented to determine the number of tubes to inspect 
and the frequency at which the tubes shall be inspected. 

(b) Program implementation guidelines are provided 
in ASME PCC-3. The following factors should be consid­
ered: 

(1) i n s p ect i on  e ffe ct i vene s s  r equ i r ed ,  s e e  
Table 3 12-1-1 .3-1 for various effectiveness and the asso­
ciated methods of inspection. 

(2) maximum inspection interval permitted. 
(3) type of inspection required for the suspected 

damage mechanism. See Table 3 12-1-1 .3-1 for additional 
details. 

(c) See para. 3 12-5 .1 for inspection methods. 

312-1-1.4 Use of Extreme Value Analysis (EVA) 

(a) Use of EVA makes it possible to accurately assess 
the remaining life of large numbers of tubes using rela­
tively minimal data. 

(b} EVA assessment is based on ASTM E 2283, "Stan­
dard Practice for Extreme Value Analysis of Nonmetallic 
Inclusions in Steel and Other Microstructural Features." 

(c) Use of EVA to assess the maximum wall loss data has 
been  descr ibed  in conference  pub l icat ions ;  s e e  
Table 312-1-1 .3-1, Note (4). 

(d} The EVA method and results may be incorporated 
into an inspection planning assessment. 

(e) With smaller sample sizes, ideally 20 to 30 tubes 
regardless of the number of tubes in the exchanger, 
the appropriate inspection effectiveness may be achieved 
by using the lower bound value of 99%, 95%, 90%, and 
80% confidence intervals. 
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Table 312-1-1.3-1 
Inspection Effectiveness Table (22) 

Number of 
Number of Nonferromagnetic Number of 

Inspection Ferromagnetic Tubes Tubes by Tubes by 
Effectiveness by Intrusive Intrusive Nonintrusive 

Category Damage to Consider Inspection Method Inspection Methods Inspection Methods Inspection Methods 

Highly effective Wall loss IRIS 80% to 100% 80% to 100% Not applicable 
[excluding MIC] 

IRIS and EVA 20 to 30 20 to 30 
99% Cl as 
lower bound 

RFET or MFL 100% and pull Not applicable 
2 worst tubes 
for lab analysis 

ET Not applicable 100% 

Cracking SWIRIS 100% Not applicable 

Cracking or MIC ET Not applicable 100% 

Usually effective Wall loss or IRIS 60% to 80% 60% to 80% Profile RT 50% 
localized and at 0 deg and 
general corrosion 90 deg 
(excluding MIC) 

IRIS and EVA 20 to 30 20 to 30 
95% Cl as 
lower bound 

RFET or MFL 100% and use Not applicable 
IRIS on 2 
worst tubes 

PSET 90% Not applicable 

ET Not applicable 80% 

Cracking SWIRIS 80% Not applicable 

PSET 100% Not applicable 

Cracking or MIC ET Not applicable 80% 

Fairly effective Wall loss IRIS 40% to 60% 40% to 60% Not applicable 
(excluding MIC) 

IRIS and EVA 20 to 30 20 to 30 
90% Cl as 
lower bound 

RFET or MFL 80% and use Not applicable 
IRIS on 2 
worst tubes 

PSET 70% Not applicable 

ET Not applicable 60% 

Cracking SWIRIS 60% Not applicable 

PSET 80% Not applicable 

RFET or MFL 100% 

Cracking or MIC ET Not applicable 50% 

Poorly effective Wall loss IRIS 20% to 40% 20% to 40% Not applicable 
(excluding MIC) 

IRIS and EVA 20 to 30 20 to 30 
80% Cl as 
lower bound 

RFET or MFL 60% and use Not applicable 
IRIS on 2 
worst tubes 

PSET 50% Not applicable 

ET Not applicable 40% 

Cracking SWIRIS 40% Not applicable 

PSET 60% Not applicable 

RFET or MFL 80% 

Cracking or MIC ET Not applicable 30% 
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Table 312-1-1.3-1 
Inspection Effectiveness Table (Cont'd) 

GENERAL NOTE: 
ET 

EVA 
IRIS 
MFL 
MIC 

RFET 
PSET 

SWIRIS 

eddy current testing 
extreme value analysis 
internal rotary inspection system 
magnetic flux leakage 
microbiologicaly induced corrosion 
remote field eddy current 
partial saturation eddy current 
shear wave internal rotary inspection system 
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Mandatory Appendix 312- 1 1  
Examination of Pressure Contain ment Components 

312- 1 1-1 EXAMI NATION 

Examination of the shell, channel, and other pressure 
containment components, excluding the tubes, may be 
performed by any of the following methods: 

(a) RT 
(b} UT 
(c) MT 
(d} VT 
(e) internal inspection by removal of tube bundle 
(f) internal inspection by remote camera or other 

inspection probe instrument 
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312-1 1-2 I NSPECTION 

The inspection of these components should occur 
concurrently with the inspection of the tubes. 

312-1 1-3 SUITABI LITY 

Pressure containment components are particularly 
suited for inspection planning methods such as described 
by ASME PCC-3. 
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Article 313 
Crimping of Metallic Pipe 

313-1 DESCRI PTION 

313-1.1 Introduction 

(a) Pipe crimping is a technique for isolating a section 
of piping by plastically deforming the pipe cross section to 
restrict or prevent flow in a pipe using a crimping unit. 

(b) This Article covers considerations for application of 
a process for crimping of metallic pipe when block valves 
are not available or not functioning to shut off flow. 

(c) The scope of this Article does not include heat 
exchanger tubes; however, the user may adopt portions 
of this Article for that application. 

313-1.2 Risk 

(a) During or after crimping operations, there is a 
possibility of the pipe splitting/cracking longitudinally 
at the fold of the crimp. 

(b} While performing a crimping operation, a failure 
could occur resulting in injury to personnel or damage 
to equipment. 

313-2 LIMITATIONS 

313-2.1 General 

Part 1 of this Standard contains additional require­
ments and limitations. This Article shall be used in 
conjunction with Part 1. 

313-2.2 Additional Considerations 

(a) Metallic pipe crimping should be performed only on 
seamless pipe or tubing that is less than DN 80 (NPS 3) and 
that is not subject to pipe-operating temperatures at 
which material ductility is an issue. 

NOTE: Crimping of sizes larger than DN 80 (NPS 3) may be 
possible, but special tooling may be required. 

(b) Pipe crimping should not be performed within the 
length, L, of a circumferential weld, an elbow, or other 
gross structural discontinuities, calculated as follows: 

L = 2-!Rf 

R = outside radius of pipe 
T = minimum thickness of pipe (tmin) 
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313-3 DESIGN 

(a) There are three types of crimp setups. 
(1) The most common type consists of two crimps 

with a sealant injection valve in between. 
(2) The other two are 

(-a) a crimp and an installed isolation valve 
(-b} a single crimp 

(b) In this Article, the most common type as described 
in (a) (l) is discussed; however, the process is similar for 
the other two setups. 

313-3.1 Pipe Materials 

(a) The pipe material should be suitably ductile. 
(1) The likelihood of embrittlement or environmen­

tal cracking due to previous operating conditions should 
be assessed as part of the crimping planning process. 
Alternatively, a trial crimp on an identical material 
from the identical service may be used to verify the influ­
ence of environmental degradation. 

(2) Carbon steel ductility is not at its lowest at 
ambient temperature. It reduces sufficiently to cause 
problems with crimping at medium temperatures. There­
fore, there is a risk that a test at ambient temperature is not 
representative of, for example, a crimp at 95°C (200°F) [in 
that the pipe will be less ductile at 95°C (200°F) than at 
ambient temperature]. 

(3) In addition to the above, there is lower ductility in 
most materials at low (cryogenic) temperature; therefore, 
a trial crimp should be performed on a sample length of 
pipe of the same material and should mimic the actual 
conditions as much as possible. 

(b} Crimping shall not be performed on product with 
longitudinal or spiral-welded seams. The user of this 
Article should field-verify that the pipe is seamless 
prior to crimping. 

313-3.2 Crimping Tool 

313-3.2.1 General 

(a) The crimping tools proposed for the work should be 
inspected, and the nose diameter of the jaw should be 
measured. 

(1) The diameter of the nose can have an impact on 
the suitability of the tool. 
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(2) The nose diameter to pipe diameter ratio should 
be large enough to prevent shearing of the pipe. The ratio 
of nose diameter to pipe diameter should be 2 : 1 . 

(3) The crimping tool should have edges sufficiently 
rounded and of sufficient length to prevent shearing the 
pipe or tube. 

(4) The nose radius should be 12 mm (0.5 in.). 
(5) Crimping tools with other geometries that have 

been proven in-service or by testing or through engi­
neering analysis may be used if justified by an engineering 
analysis .  This analysis should be similar to a Level 3 
assessment in accordance with API 579-1/ ASME FFS-1 .  

(b} If the crimping tool is to  remain on the pipe, it 
should be designed to be suitable for the operating 
temperature and be of a material that will not degrade 
due to environmental conditions. 

(c) Placement of the crimping tool is critical to the 
success of the crimping operation. 

(1) Install each crimping tool and initially secure 
them until they are hand tight. 

(2) Align the crimping tool such that it is square with 
the pipe or tube. 

313-3.2.2 Manual Crimping Operation 

(a) Manual crimping blocks (Figure 3 13-4.1-1) should 
be tightened by hand. 

(b} The tightening process should alternate between 
the nuts, tightening the same amount so as to evenly 
apply pressure to the pipe. 

(c) Each nut should be turned no more than 30 deg each 
time. 

313-3.2.3 Hydraulic Crimping Operation 

(a) A hydraulic crimping tool provides even pressure to 
the pipe. 

(b) Hydraulic pressure should be closely monitored for 
confirmation that the crimp has been completed. 

313-3.3 Location 

(a) The pipe wall thickness should be confirmed by 
NOE when possible. 

(1) If the pipe wall is too thick, manual crimping of 
the pipe may not be possible. 

(2) If the pipe wall is too thin, crimping of the pipe 
may cause a loss of containment. 

(3) The minimum pipe wall thickness required for 
the design pressure shall be determined in accordance 
with the applicable construction code. 

(b) The two crimping positions should be marked a 
minimum of 4 pipe diameters apart inside the selected 
area. 

NOTE: Two crimps in a single area are not always required. In 
some cases, a single crimp can be sufficient where the other end 
has a valve or is a dead leg. 
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(c) The crimping process will cause contraction and 
added tensile force on each piping system anchor point. 

(d) An unrestricted length of8 pipe diameters between 
anchors should be available for crimping. 

313-4 FABRICATION 

The crimping and sealant injection processes described 
in paras. 313-4.1 through 313-4.3 may be used. 

313-4.1 Crimping 

(a) Crimping of metallic pipe is achieved when the fluid 
flow has been stopped (Figure 3 13-4.1-1) . 

(b) Metallic pipe crimping might not completely shut 
off flow through the crimped cross section. 

(c) A trickle flow can persist through the crimped 
section, unless a sealant is injected. 

(1) If sealant injection is desired to stop flow, the pipe 
should be measured to allow the mounting of an injection 
block on the pipe in between the two crimp positions. 
Crimping alone will rarely seal the flow as the force to 
completely crush the pipe will most likely cause the 
wall to split. 

(2) The injection block will allow injection of a 
sealant into the isolated void after crimping. 

(-a) The sealant shall be compatible with the 
product, pressure, and temperature. 

(-b} The injection pressure should be controlled, 
monitored, and minimized and no more than line oper­
ating pressure plus 1 MPa (150 psi). 

(-c) Refer to the sealant manufacturer's informa­
tion for specific characteristics. 

(-d} After sealant has been injected and cured, the 
crimp blocks may be left in place or removed. 

(3) Crimping may also be used to isolate, seal, and 
bypass a leaking or damaged section of pipe. 

(-a) In this case, two crimp blocks shall be placed 
on the pipe, one on each side of the section to be isolated (A 
and B in Figure 313-4.1-2) .  

(-b J A sealant injection block shall be placed in 
between (C in Figures 3 1 3 -4 .1 -2  and 3 13-4 .1 -3) the 
two crimp blocks. 

(-c) The pipe shall be tapped through the sealant 
injection block and sealant injected, filling the pipe from 
one crimp block to the other (section A-B is filled with 
sealant in Figure 313-4.1-2) .  

(-d} Two hot taps (D and E in Figure 3 13-4.1-2) 
may then be installed (one upstream and the other down­
stream of the crimp blocks) to bypass the injected section, 
if needed. 

(-e) If operations require the line to be in contin­
uous operation; the bypass hot taps (D and E in 
Figure 3 13-4.1-2) should be installed prior to crimping 
and sealant injection. 
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Figure 313-4.1-1 
Crimp Block on Pipe 

313-4.2 Injection 

For those who do not have their own injection proce­
dure, the following may be adopted for use: 

Step 1 .  Open the restrictor on the injection clamp and 
drill into the line taking appropriate precautions for the 
product, temperature, and pressure. 

Step 2. Remove the drill and close the restrictor. 
Step 3. Fit injection tool loaded with suitable sealant 

compatible with the process and temperature. 
Step 4. Open the restrictor and fill the cavity between 

the two crimp positions. 
Step 5. When the cavity is full, there will be a noticeable 

increase in the injection pressure. 
Step 6. Allow sealant to cure. 
Step 7. Remove injector and close the restrictor. 
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Step 8. Remove the crimp tools ifit is deemed that doing 
so will not affect the seal. 

313-4.3 In-Service 

If crimping is performed on pipe used for high-tempera­
ture fluids, the loss offluid flow after crimping will result in 
an increase in the tube metal temperature. In such cases 

(a) supports should be adjusted, as needed, to accom­
modate for the associated additional thermal expansion 

(b) additional cooling should be provided to ensure 
that relaxation of the crimp tool studs does not occur 

NOTE: Relaxation can result in leakage at the crimp location. 
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Figure 313-4.1-2 
Crimp With Injection Arrangement 

c 

D E 

GENERAL NOTE: A and B = crimp blocks (Figure 313-4.1-1), C = sealant injection box (Figure 3 13-4.1-3), D and E = hot tap 

Figure 313-4.1-3 
Crimp Clamp in Position (Right) and Sealant Injection Box (Left) 

(a) Sealant Injection Box (b) Crimp Clamp in Position 
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313-5 EXAMINATION 

313-5.1 Pre- Installation 

(a) Prior to installation of the crimp blocks, the pipe 
should be examined to verify that it does not exhibit 
wall thinning per the required design pressure at the 
crimp section. 

(b} Where possible, the thickness in the area to be 
crimped and 50 mm (2 in.) on either side of that area 
should be measured. When these measurements are 
taken, they shall be compared to the calculated T from 
para. 313-2.2 . 

(c) Where po ss ib le, a hardness  test should be  
performed to  identify hard spots in proposed crimp 
site that could indicate a less ductile region. 

(d) The pipe should be verified as being free of corro­
sion, cracks, or other defects in the area where the 
crimping is being applied; such defects can cause pipe 
failure during the crimping process. 

313-5.2 Post- Installation 

(a) The effectiveness of the crimping operation may be 
verified by monitoring downstream flow, temperature, or 
both. 

(b) Where leak tightness is critical, the pipe surface 
immediately adjacent to the crimp should be examined 
using either the liquid penetrant or magnetic particle 
NOE method to verify that the crimping operation has 
not introduced surface cracks. 
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313-6 TESTING 

313-6.1 Leak Tightness 

(a) Where leak tightness is critical and configuration 
permits, the pipe should be pressure tested to verify 
the effectiveness of the crimping operation (prevention 
of leakage through the crimped section) and the integrity 
of the pipe wall (prevention of out-leakage to atmo­
sphere). 

NOTE: Increasing the pressure in the system could affect the seal, 
resulting in leak-by that will necessitate reinjection of sealant. 

(b) For leak testing, applicable construction code or 
Article 501 may be followed. 

(c) For an emergency application, the owner-user may 
establish a special test pressure suitable to the unique 
system conditions. 

313-7 REFERENCES (22) 

The following publication is referenced in this Article; 
the latest edition shall apply: 

AP! 5 79-1/ ASME FFS-1, Fitness for Service 
Publisher: American Petroleum Institute (AP!), 200  

Massachusetts Avenue NW, Suite 1 100, Washington, 
DC 20001-5571 (www.api.org) 
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PART 4 
NONMETALLIC AN D BON DED REPAI RS 

Article 401 
Nonmetallic Composite Repair Systems: H igh-Risk Applications (22) 

401-1 DESCRIPTION 

401-1.1 Scope 

401-1.1.l Repair Requirements. This Article provides 
the requirements for the repair of fluid system compo­
nents (e.g., pipework, pipelines, tanks, and vessels) 
using a qualified Repair System. 

401-1.1.2 Definition of Repair System. The Repair 
System is defined as a combination of the following 
elements for which qual ification testing has been 
completed: 

(a) substrate (repair surface) 
(b} surface preparation 
(c) load transfer material (filler material) 
(d) primer layer adhesive (an adhesive used in some 

Repair Systems, bonding the composite laminate to the 
substrate) 

(e) composite material (repair laminate) 
(f) application method (including sealing, coating, etc., 

as needed) 
(g) curing protocol 
(h) interlaminar adhesive for Repair Systems that 

utilize precured plies 

401-1.1.3 Allowed Materials. The composite materials 
allowed for the Repair System include, but are not limited 
to, glass, aramid, or carbon fiber reinforcement in a ther­
moset polymer (e.g., polyester, polyurethane, phenolic, 
vinyl ester, or epoxy) matrix. Fibers shall be continuous 
and not be randomly oriented. 

401-1.2 Applicability 

401-1.2.l Example Applications. This Article is appli­
cable to the repair of a wide variety of components, 
including the following: 

(a) the repair of pipework and pipelines originally 
designed in accordance with a variety of construction 
standards, including ASME B 3 1 . 1, ASME B3 1 .3, ASME 
B31.4, ASME B31.8, ISO 13623, and ISO 15649 
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(b} the repair of tanks originally designed in accor­
dance with a variety of construction standards, including 
AWWA DlOO, AWWA D103, API 620, API 650, BS 4994, BS 
EN 1312 1-2, and PD 5500 

(c) the repair of vessels originally designed in accor­
dance with a variety of construction standards, including 
ASME BPVC, BS EN 13121-2, and PD 5500 

401-1.2.2 Definition of High Risk. High-risk applica­
tions, for which this Article is mandatory, are defined 
as those applications where at least one of the following 
apply: 

(a) piping systems containing hazardous or IDLH fluids 
(b J piping systems that are critical to the safety of 

workers (e.g., fire suppression systems) 
(c) piping systems with design pressure above or equal 

to 150 psig (1 MN/m2) 
(d) piping systems with design temperatures above or 

equal to 120°F (50°C) 
(e) piping systems with minimum design temperatures 

less than or equal to 0°F (-20°C) 
(f) the leaking defect diameter, d, and design pressure, 

P, satisfy any of the following relationships: 

(1) pjd > 150 psig (in.)°-5 

(2) pjd > 0.16 MN/ml.S 

(3) d � 0.25 x D 
NOTE: Article 402 may be used for low-risk applications. 

401-1.2.3 Applicable Defects 

(a) The Repair System qualification, design, installa­
tion, and operational requirements provided in this 
Article cover situations involving damage commonly 
encountered in fluid systems. 

(b J The following types of defects can be repaired (and 
are assessed in para. 401-3.3.3) : 

(1) external corrosion where structural integrity is 
compromised. In this case, it is probable the application of 
a Repair System will arrest further deterioration. 

(2) external damage such as dents, gouges, fretting, 
or wear (at supports). 
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(3) cracks, if they are prepared in accordance with 
the excavation requirements of Article 304. 

(4) either internal corrosion or erosion (leaking or 
nonleaking). In this case, it is probable that corrosion will 
continue and the assessment needs to take this into 
account. 

(5) leaks. 
(6) manufacturing or fabrication defects. 

(c) Internal fluids and external environments affect the 
compatibility of the composite. The pressure/tempera­
ture limits are dependent on the type of damage being 
repaired and the Repair System being used. These 
limits are determined by the testing and qualification re­
quirements of this Article. A lower temperature limit of 
-50°C (-58°F) can be assumed unless a lower tempera­
ture capability is demonstrated through qualification 
testing. 

( d) This Article applies to repairs to both metallic and 
nonmetallic (substrate) materials. 

401-1.3 Risk Assessment 

(a) An assessment of the risks associated with the 
defect and repair method shall be completed. When 
applying a Repair System in accordance with this 
Article, the following shall be considered: 

(1) the nature and location of the defects 
(2) design and operating conditions for the compo­

nent and contents (including pressure, temperature, sizes, 
and combinations thereof) 

(3) repair life (see para. 401-1.4) 
(4) the geometry of the component being repaired 
(5) hazards associated with system service 
(6) availability of personnel with the necessary skills 
(7) the ease of executing surface preparation opera-

tions 
(8) performance under upset and major incident 

situations including impact, abrasion, fire, explosion, colli­
sion, and environmental loading 

(9) failure modes 
(10) inspectability 
(1 1} the Repair System materials 

(b) The information and data describing any hazards 
shall be included in the method statement (para. 401-4.4) 
to be used on-site. 

(c) The application of these Repair Systems to piping 
will typically change the mode of failure from rupture to a 
leak. 

401-1.4 Repair Life 

The specified repair life shall be defined by the risk 
assessment, and the achievable repair life will depend 
on the Repair System. The achievable life of the Repair 
System for a specific application can be affected by envi­
ron men ta! exposures ,  active internal degradation 
mechanisms, and external mechanical influences. 
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401-1.5 Defect Assessment 

Defect assessment in the host component can be 
performed with the prevailing fitness-for-service stan­
dard, e.g., ASME B3 1G, API RP 579-1/ASME FFS- 1, BS 
7910, or equivalent. 

401-2 LIMITATIONS 

401-2.1 Additional Requirements 

Part 1 of this Standard contains additional require­
ments and l imitations. This Article shall be used in 
conjunction with Part 1. 

401-2.2 Qualification of Repair System 

(a) The use of this Article shall be limited to those 
Repair Systems for which the qualification testing 
described in Article 405 has been completed (see para. 
401-3 .2 for qualification data) . 

(b) Any change to any element of the Repair System 
(see para. 401-1 .1 for scope) shall constitute a different 
and therefore new Repair System. 

(c) This new Repair System shall require qualification 
as described in Article 405. 

(d) The Repair System supplier shall state the type of 
defects for which their Repair System has been qualified. 

401-2.3 Installation 

The installation procedures shall be those used in the 
Repair System qualification (Article 405). If the installa­
tion procedures are not those used in the Repair System 
qualification, then the repair is not in compliance with this 
Article. 

401-3 DESIGN 

401-3.1 Symbols 

The following symbols are used throughout this Article. 
D component outside diameter, m (in.) 
d = diameter (or diameter of the equivalent 

circle) of the defect or leaking region, m (in.) 
Ea = tensile modulus for the composite laminate 

in the axial d irection, determined per  
Table 401-3.2-1, N/m2 (psi) 

Eac = (Ea x Ec)05 N/m2 (psi) 
Ee = tensile modulus for the composite laminate 

in the circumferential direction, determined 
per Table 401-3 .2-1, N/m2 (psi) 

Es = tensile modulus for substrate material, N/m2 

(psi) 
F = sum axial tensile loads due to pressure, 

bending, and axial thrust, N (!bf) .  Note 
that the axial tensile load generated by an 
applied bending moment is (4M/D) 

f = service factor from Table 401-3.4.5-1 
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fc = cyclic derating factor 
lieak = service factor for Type B repairs 

h = temperature derating factor, determined by 
eqs. (1) and (2) 

G31 = shear modulus for the composite laminate, 
determined per Table 401-3.2-1, N/m2 (psi) 

HDT = heat distortion temperature, determined per 
Table 401-3.2-1, °C (°F) 

h buried depth of component, m (in.) 
L total axial repair length, m (in.) 
I axial length of defect, m (in.), used in test 

specified in Mandatory Appendix 405-III 
Ldefect = greater of the axial length of the defect and 

the value used in the calculations, m (in.) 
Lover = overlap length, m (in.) 

Lraper = taper length, m (in.) 
M = applied bending moment, N·m (lbf-in.) 
N = number of cycles 
n = number of wraps 
P = internal design pressure, N/m2 (psi) 

Pe = applied external pressure, N/m2 (psi) 
Pext,soil = external soil pressure, N/m2 (psi) 

P1 = failure pressure of the undamaged pipe, 
N/m2 (psi) 

Puve internal pressure within the component 
during application of the repair, N/m2 (psi) 

Pmax maximum internal pressure of the pressure 
cycle, N/m2 (psi) 

Pmin minimum internal pressure of the pressure 
cycle, N/m2 (psi) 

Ps = MAWP /MAOP /MOP for the component with 
the defect determined from B3 1G, AP! RP 
5 7 9 - 1 /ASME FFS -1 ,  or BS 7 9 1 0, N/m2 

(psi), including consideration of future corro­
sion allowance 

Prest = test pressure, N/m2 (psi) 
Py = pressure of the undamaged component to 

yield, N/m2 (psi) 
Re = cyclic loading severity, defined as: Re = Pmin/ 

Pmax 
s = SMYS (Specified Minimum Yield Strength 

derated as required by the appropriate 
construction code) of component, N/m2 (psi) 

Sa = measured yield strength of component or 
mill certification, N/m2 (psi) 

Sc = characteristic tensile strength of composite 
in circumferential (hoop) direction, where 
the characteristic strength is equal to the 
mean strength minus two standard devia­
tions, determined per Table 401-3.2-1 

s1t = lower confidence limit of  the long-term 
s t rength d e t e r m i n e d  by M an d a t o ry 
Appendix 405-11, N/m2 (psi) 

Td = design temperature, °C (°F) 
T9 = glass transition temperature, determined per 

Table 401-3.2-1, °C (°F) 
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Tm = upper temperature limit of Repair System, °C 

t = 

trepair 
ts = 

y = 

YLcL 

Ysoil 

LJT = 

Ea = 

Eao = 

(oF) 
nominal wall thickness of original compo­
nent, m (in.) 
ply or layer thickness of the composite repair 
material, m (in.) 
minimum repair thickness determined by ap­
plicable equations, m (in.) 
design repair thickness, m (in.) 
minimum remaining wall thickness of the 
component, m (in.) 
test thickness of composite, determined per 
Mandatory Appendix 405-V 
coefficient of thermal expansion of the repair 
laminate in the axial direction, determined 
per Table 401-3 .2-1, °C1 (°F-1) 
coefficient of thermal expansion of the repair 
laminate in the circumferential direction, 
determined per Table 401-3 .2-1, °C1 (°F-1) 
coefficient of thermal expansion of the 
substrate, °C1 (°F-1) 
toughness parameter (energy release rate) 
for the composite-substrate interface, deter-
mined per Mandatory Appendix 405-IV, J/m2 

(in.-lb/in.2) 
toughness parameter lower confidence limit 
per Mandatory Appendix 405-IV 
soil unit weight, kN/m3 (lb/in.3) [in absence 
of data, assume Ysoi l = 18 kN/m3 (0 .072 
lb/in.3)] 
temperature difference (absolute) between 
operation and installation, °C (°F) 
a l l owab le  ax ia l  s t ra in  obta ined  from 
eq. (lOb) 
allowable circumferential strain obtained 
from eq. (lOa) 
a l l owab le  ax ia l  s t ra in  obta ined  from 
Table 401-3.4.4-1 

Eco = allowable circumferential strain obtained 
from Table 401-3.4.4-1 

Et = thermal strain 
<P = angle subtended by the axial slot (radians) 
r = lap shear strength, N/m2 (psi) 

Vea = Poisson's ratio for the composite laminate in 
the circumferential direction (load in circum­
ferential direction, contraction in axial direc­
tion), determined per Table 401-3 .2-1 

401-3.2 Repair System Qualification 

Qualification of the Repair System shall be completed in 
accordance with Article 405 . Table 401 - 3 . 2 - 1  lists 
required test types, values, and methods for the Repair 
System. 
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Table 401-3.2-1 
Repair System Required Material and Performance Properties 

Property Test Type Detail Properties Minimum Values Test Methods 

Engineering Properties 

Tensile strength (Swa• Mandatory Tensile strength (s), Strain to failure must ISO 527, ASTM D3039 
Swh) and tensile modulus (£), Poisson's be >1% 
modulus (E0, Ee); ratio (for leaking pipes 
Poisson's ratio and some design cases; 

strain to failure in 
both hoop and 
axial directions) 

In-plane shear Mandatory for leaking Modulus only ( G31) None ASTM D5379 
modulus pipes only 

Per ply thickness Mandatory Thickness per ply None None (may be determined 
from the tensile tests 
above) 

Lap shear adhesion Mandatory Shear strength of 4 NM/m2 (580 psi) BS EN 1465, ASTM D3165, 
strength composite bond to ASTM D5868 
[Note (1)] substrate 

Impact performance Mandatory for leaking Low velocity impact Withstand drop test per Mandatory Appendix 405-VI 
pipes only performance Mandatory Appendix 

405-VI 

Energy release Mandatory for leaking Toughness parameter, None Mandatory Appendix 405-IV 
rate (y) pipes only energy release 

rate (y) 

Long-term lap shear Mandatory or see Measurement of lap 30% of lap shear Mandatory Appendix 405-11, 
performance Mandatory Appendix shear strength after adhesion section 405-11-2 

405-11, section 405-11-3 1 000-h heat strength 
exposure 

Short-term pipe: Mandatory Wrapped pipe with Wrap must not fail Mandatory Appendix405-III 
spool survival test defect must withstand 

a short-term pressure 
test 

Compressive modulus Mandatory Load transfer material None ASTM D695, ASTM D6641, 
ISO 604, ISO 14126 

Long-term strength Optional Determine long-term None [Note (3)] Mandatory Appendix 405-V, 
[Note (2)] (creep-rupture) ASTM D2990, ASTM 

strength of the wrap D2992 
by either of 
three methods 

Cyclic loading Optional None None ISO 14692, ISO 24817 
Physical Properties 

Hardness Mandatory Barco! or Shore None BS EN 59, BS 2782, ISO 868, 
hardness data ASTM D2583, ASTM 

D2240 

Coefficient of Mandatory CTE value None ISO 11359-2, ASTM E831 
thermal 
expansion 
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Table 401-3 .2-1 
Repair System Required Material and Performance Properties (Cont'd) 

Property Test Type Detail Properties Minimum Values Test Methods 

Physical Properties (Cont'd) 

Glass transition 
temperature (T9) 

Mandatory or use HOT 
below 

Glass transition 
temperature (T9) 

None, except this 
can determine 
maximum operating 
temperature of 
composite 

ISO 11357-2, ASTM E831, 
ASTM E1640, ASTM 
E6604 

system 

Heat distortion 
temperature (HOT) 
[Note (4)] 

Mandatory or use T9 
above 

Heat distortion 
temperature (HOT) 

None, except this 
can determine 
maximum operating 
temperature of 

ISO 75, ASTM 0648 

Cathodic disbondment 

Electrical conductivity 

Chemical compatibility 

NOTES: 

Mandatory for Oisbondment 
cathodically protected 
pipes 

Optional None 

Optional None 

composite 
system 

None 

None 

None 

ASTM GB, ASTM G42, ASTM 
G95 

ISO 14692, ASTM 0149 

ASTM 0543, ASTM C581, 
ASTM 03681, ISO 10952 

(1) When using test methods ASTM 03165, ASTM 05868, or BS EN 1465, it shall serve to provide general guidelines for this test. A sample of the 
composite instead of just the adhesive should be used between the plates. 

(2) When using practices ASTM 02990 and ASTM 02992, they shall serve to provide general guidelines for this test. 
(3) This test qualifies the wrap pursuant to Table 401-4.6-1. 
( 4) For the matrix polymer (without the reinforcing fibers), use test method ASTM 0648 or ISO 7 5-1 to measure HOT under a load of 1.82 MP a 

(264 psi). As an alternative, when measuring HOT for reinforced polymers (using test method ISO 75-3), the minimum load should be 0.1 % of 
the modulus. 

401-3.2.1 Basic Material Documentation 

(a) This shall include a statement of the polymer 
systems, including reinforcements used, and any stan­
dards to which they are supplied. 

(b} Basic data on material compatibility with the 
working environment shall also be available. 

(1) It shall be ensured that any chemical interaction 
between the composite and substrate will not cause 
further degradation in the substrate surface. 

(2) Consideration may need to be given to the effects 
of the polymer resin systems and their associated curing 
agents. 

(c) Particular attention may need to be given to carbon 
FRP laminates and the potential for bimetallic (galvanic) 
corrosion of the host substrate. 

401-3.2.2 Surface Preparation 

(a) The durability ofa bonded assembly under applied 
load is determined by the quality of the surface prepara­
tion used. 
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(b) The specific method of surface preparation shall be 
an integral part of the Repair System. 

401-3.2.3 Short-Term Test Data. For the Repair 
System, these shall include the following: 

(a) tensile strength 
(b) ultimate tensile strain and modulus, in both the 

hoop and axial directions 
(c) strength of the adhesive bond between the repair 

laminate and the substrate material 
( d) energy release rate for Type B repair qualification 

401-3.2.4 Long-Term Test Data 

(a) For the Repair System, these shall include the 
following: 

(1) strength of the adhesive bond between the repair 
laminate, substrate, and filler material 

(2) optionally the long-term tensile strain of the 
repair laminate 

(b} "Long-term" is defined as greater than or equal to 
1 000 h 
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401-3.3 Required Data 

(a) The following data shall be supplied for each repair: 
(1) The detail to which these requirements are 

fulfilled may be determined by the output of the risk 
assessment. 

(2) Original equipment design data and maintenance 
and operational histories shall be provided by the owner. 

(3) Material data shall be provided by the Repair 
System supplier. 

( 4) The availability ofrelevant data should be consid­
ered in the risk assessment. 

(b} An example of a design data sheet is provided in 
Mandatory Appendix 401-1. 

401-3.3.l Original Equipment Design Data. The 
following items may be relevant original equipment 
design data: 

(a) component line lists (i.e., bill of material listing) or 
other documentation showing process design conditions 
and a description of the categorization class including 
material specification, wall thickness, and pressure­
temperature rating 

(b) isometric drawings including sufficient details to 
permit a component flexibility calculation if this analysis 
is deemed necessary 

(c) specification of all operating mechanical loads not 
included in the above, including upset conditions 

(d) original design calculations 

401-3.3.2 Maintenance and Operational History. The 
following items may be relevant maintenance and opera­
tional history: 

(a) documentation of any significant changes in service 
conditions including pressure, temperature, fluid content, 
and corrosion rate 

(b} past service conditions 
(c) summary of all alterations and past repairs local to 

the component section of concern 
(d} inspection reports detailing the nature and extent 

of damage to be repaired 

401-3.3.3 Service Condition Data. The following data 
shall be determined: 

(a) lifetime requirements/expectation of the repair 
service life 

(b} required design and operating pressures (internal 
and external)/temperatures 

(c) expected future service conditions 
(d) if applicable, MAWP /MAOP /MOP as stated by the 

owner or as calculated according to the requirements of 
ASME 831G, AP! RP 579-1/API FFS-1, BS 7910, or appli­
cable construction code 

401-3.3.4 Repair System Documentation 

(a) The Repair System manufacturer shall maintain 
documentation of materials testing results, including 
tensile properties of the composite, shelf life, glass transi-
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tion temperature of the polymer, and compression 
strength of filler material. 

(b) These results shall be traceable to material supplied 
with the Repair System and shall indicate that the material 
used for the Repair System is representative of the Repair 
System qualification testing referenced by the Repair 
System supplier. 

(c) The Repair System supplier shall provide the mate­
rial test report. 

401-3.4 Design Methodology 

401-3.4.l Overview. The design of the repair laminate 
shall be carried out using the requirements specified in (a) 
and (b). 

There are two design cases: 
(a) Type A Design Case. Components not leaking, 

requiring structural reinforcement only. One of the 
following three design methods shall be used: 

(1) include allowance for original component (see 
para. 40 1-3.4.3) where yielding of the component may 
or may not be included 

(2) exclude allowance for original component (see 
para. 401-3 .4.4) 

(3) l o n g- t e rm  p e r fo r m a n c e  t e s t  data  ( s e e  
para. 401-3 .4.5) 

(b} Type B Design Case. Components leaking requiring 
structural reinforcement and sealing of through-wall 
defects. 

(1) The design method in para. 401-3 .4.6 shall be 
used in addition to the Type A design case. 

(2) For components with active internal corrosion, 
the repair laminate shall be designed on the assumption 
that a through-wall defect will occur if the remaining wall 
thickness at the end of service life is expected to be less 
than 1 mm (0.04 in.). 

(3) The greater thickness of the Type A and Type B 
design case shall be taken as the repair laminate thickness, 
trepair-

401-3.4.2 Service Temperature Effects 

(a) The Repair System shall not be used above the 
values of Tm listed in Table 401-3.4.2-1. When determining 
Tm for the Repair System, the lowest value of Tm for the 
Repair System polymer components (e.g., the load transfer 
material, primer layer, and composite material) shall be 
used. 

(b) In absence of other Repair System qualification data 
(see Article 405), the allowable strains to be used in eqs. 
(8) and (9) and the service factors to be used in eqs. (lOa), 
(lOb), (13), (14), and (15) shall be down-rated by the 
temperature factor, fT, given in eqs. (1) and (2). 

(SJ Units) 

fr = 6 x 10-\Tm - Td)2 + O.OOl(Tm - Td) + 0.7014 (l) 
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Table 401-3.4.2-1 
Service Temperature Limits for Repair Systems 

Property Substrate Leaking, Substrate Not 

Measurement Tm Leaking, Tm 

Tg T9 - 30°C (54°F) T9 - 20°C (36°F) 

HDT HDT - 25°C ( 45°F) HDT - 15°C (27°F) 

(U.S. Customary Units) 

fr = 2 X 10-\Tm - Td)2 + 0.0006(Tm - Td) + 0.7014 (Z) 

The maximum allowable value of fr is 1 .  

401-3.4.3 Component Allowable Stress. Use of the 
design method in this section is appropriate if the contri­
bution of the component is to be included in the calculation 
for load-carrying capability. 

401-3.4.3.1 Underlying Substrate Does Not Yield 

(a) In the derivation of eqs. (3) and (4), it is assumed 
that the underlying substrate does not yield. 

(b) For hoop stresses due to internal pressure, the 
minimum repair laminate thickness, tmin• is given by 

t . = D 
·( Es ) · (P - P) mm 2s Ee 

s (3) 

(c) For axial stresses due to internal pressure, bending, 
and axial thrust, the minimum repair laminate thickness, 
tmin• is given by 

t . = D ·( Es ) ·(l!.._ _ p) nun 2s Ea 1tD2 s 
(4) 

( d) The design repair laminate thickness, trepain shall be 
the greater value determined from eqs. (3) and ( 4 ) . 

(e) Where the purpose of the Repair System is to 
strengthen an undamaged section of the component to 
carry additional bending or other axial loads, the value 
of F shall be the increased total axial load requirement 
and the value of Ps shall be the original MAWP/MAOP/ 
MOP. The value of F depends on the specific application 
details and shall be considered by the Repair System 
designer (outside the scope of this Article). 

401-3.4.3.2 Underlying Substrate Yields 

(a) In the derivation of eqs. (5) and (6), it is assumed 
that the underlying substrate does yield and the repair 
laminate is designed based on the allowable strain of 
the composite. Only hoop loading should be considered 
in determining the design repair laminate thickness, 
trepair· 
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(b) For hoop strain due to internal pressure, the design 
repair laminate thickness, trepain may be calculated by 
iteration using 

t:e = __!E__ - _t_s - - PJiveD (5) 
2Eetmin Eetmin 2(Eetmin + Ests) 

(c) Ifthe repair is applied at zero internal pressure, i.e., 
Plive = 0, then eq. (5) can be rearranged to give 

t . = _l_ ( PD - st ) mm t:eEe 2 s (6) 

(d) The assumptions made in deriving eqs. (5) and (6) 
are that the substrate material is elastic and perfectly 
plastic (i .e . , no strain hardening), and that no defect 
a s s e s s ment  is p e rformed other  than u se  o f  the 
minimum remaining wall thickness (of the substrate) 
to infer the internal pressure at the point of substrate 
yield. 

(e) The value of the allowable strain of the composite in 
the circumferential direction can be taken from eqs. (lOa) 
and (lOb) or if performance data are available, from 
Mandatory Appendix 405-V. The appropriate service 
factor is taken from Table 401-3 .4.5-1 .  

(fJ For axial loads due to pressure only, eq. (7) shall be 
utilized. 

t . = _l_ ( PD 
- st ) mm t:aEa 4 s 

(7) 

where ts may be conservatively the minimum wall thick­
ness or the equivalent remaining wall thickness based on 
the defect assessment. 

401-3.4.4 Repair Laminate Allowable Strains 

(a) Use of the design method in this section is appro­
priate ifthe contribution of the original component is to be 
excluded in the calculation for load-carrying capability 
and if short-term material properties are to be used. 

(b) The allowable repair laminate strain design method 
is a function of design temperature. 

(c) For hoop stresses due to internal pressure, the 
minimum repair laminate thickness, tmin• is given by 

tmin = I_( PD _!_ + _£_ Vea ) 
t:e 2 Ee 1tD Ee 

(8) 

( d) For axial stresses due to internal pressure, bending, 
and axial thrust, the minimum repair laminate thickness, 
tmin• is given by 

1 ( F 1 PD Vea ) t .  = - - - - - ­mm t:a 1tD Ea 2 Ee 
(9) 

(e) Rarely occurring events (e.g., pressure excursions 
above design pressure) may be assessed using the strains 
given in Table 401 -3.4.4-1 , provided that they occur 
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Table 401-3.4.4-1 
Allowable (Long-Term) Strains for Repair Laminates 

(No Allowance for Temperature Effects) 

Load Type Symbol 

For Ea ;, 0.5 Ee Eco, Eao 
For Ea < 0.5 Ee 

Circumferential Eco 
Axial Eao 

Rarely 

Occurring, 

% 

0.40 

0.40 

0.25 

Continuous 

(Sustained), 

% 

0.25 

0.25 

0.10 

typically less than ten times in the life of the component 
with each duration less than 30 min. 

(f) The continuous (sustained} long-term allowable 
strains listed in Table 401-3 .4.4-1 shall be used only if 
the short-term tensile strain to failure of the repair lami­
nate is at least 1 %; otherwise, performance data derived 
according to 401-3.4.5 shall be used 

(g) The short-term strain to failure shall be derived 
from the test carried out to determine the tensile proper­
ties of the laminate (Table 401-3 .2-1) .  

(h) Some Repair System suppliers may choose to use 
laminate analysis to calculate modulus values for lami­
nates built up from a series of different layers. This is satis­
factory, provided that the results from the laminate 
analysis have been validated using measured data. 

(i) Thermal expansion coefficients for composite 
Repair Systems are different than those for the substrate, 
so thermal stresses will be generated where operating 
temperatures vary from installation temperature. 
Where this absolute temperature change is greater 
than 40°C (72°F), the effect of differential thermal expan­
sion between the repair laminate and the substrate shall 
be considered in the design assessment. 

OJ The allowable repair laminate strains ( circumferen­
tial and axial) shall be calculated by 

(lOa) 

(lOb) 

where Eco and Eao are from Table 401-3.4.4-1. 

NOTE: The term [LiT (as - ac or a0)] is the absolute value. 

401-3.4.5 Repair Laminate Allowable Stresses Deter­
mined by Performance Testing 

(a) Use of the design method in this section is appro­
priate if performance-based test data are available. 

(b J If allowance for the component is not included, then 
eq. (11}  shall be used. 

(c) For hoop stresses due to internal pressure, the 
minimum repair laminate thickness, tmin• is given by 
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(11) 

( d) For axial stresses due to internal pressure, bending, 
and axial thrust, the minimum repair laminate thickness, 
tmin• is given by eq. ( 4) or eq. (9), as appropriate. 

(e) The design repair laminate thickness, trepain shall be 
the greater of the values determined by (c) and (d} . 

(f) If allowance for the component is to be included, 
then eq. (12) shall be used. 

(g) For hoop stresses due to internal pressure, the 
minimum repair laminate thickness, tmin• is given by 

t . = ( PD _ t s) ·(-1 ) mm 
2 

s J-slt 
(12) 

(h) The service factor, f. is the lesser of that obtained 
from Table 4 0 1 - 3 .4 . 5 - 1  and from the appropriate 
construction code. 

(i) The 1 000 h data service factor shall be used if the 
product is qualified to the testing in para. 405-V-2.1 . The 
design life data service factor may be used if the Repair 
System is qualified to Article 405 (either para. 405-V-2.2 or 
para. 405-V-2.3) . 

401-3.4.6 Leaking Components 

(a) Use of the design method in this paragraph is appro­
priate if the component is leaking or considered to be 
leaking at the end of its service life. The requirements 
of this paragraph are in addition to those described in 
para. 401-3 .4.4 or para. 401-3.4.5. 

(b) A (substrate) component shall be considered to be 
leaking if the wall thickness at any point of the affected 
area is determined to be less than 1 mm (0.04 in.) at the 
end of its life. 

(c) For a circular or near-circular defect, the minimum 
repair laminate thickness, tmin• is iterated using eq. (13) . 

p = frfieak 

--- __ 
3
_d4 + �d + 

3 
d2 

( 1 - v2) ( ) 
Bae 5 12t�in Jr 64G31tmin 

NOTE: Add factor lE - 3 to YLcL for SI units. 

(13) 

(1) Equation (13) is valid for defect sizes where d � 
JWt, where Eac = �EaEC '  

(2) T h e  va lue  o f  /ie ak i s  s e t  to 0 . 3 3 3  ( o r  
Table 401-3.4.5-1 i f  performance data i s  available). 

( d) For noncircular defects that have an aspect ratio 
less than 5, eq. (13) shall be used where the value of d 
is selected such that it contains the defect. 

(e) Where the Repair System incorporates a plug to 
allow the repair of a live component, the qualification 
tests carried out to determine the value of y (see 
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Table 401-3.4.5-1 
Service Factors for Repair Laminates 

Test 

1 000-h data 
Design life data 

Service Factor, f 
0.5 

0.67 

Mandatory Appendix 405-JV) shall be conducted on the 
whole Repair System including any plug arrangement. 

(f) The value of d or W to be used in the Type 8 equa­
tions shall be the greater diameter or width of the 
following: 

(1) the defect size at the end of the expected design 
life 

(2) the area where the qualified surface preparation 
is not completed 

(3) the size of the stopgap used to seal a live leak 
(4) the width of the weld containing the defect 
(5) 15 mm (0.6 in.) 
(6) the area faired in with filler material 

(g) For a circumferential slot defect, the minimum 
thickness for a repair laminate, tmin• is iterated using 
the smallest value of the repair thickness calculated 
from both eqs. (13) and (14) . Note that tmin can be iterated 
in eq. (14) . 

P = fyfieak 

(1 - v
2) (_1_w4 + .'.:.w) + 3 (f + �)w2 

Eac 24t�n 4 16G31tmin (I + v) 

NOTE: Add factor lE - 3 to YLcL for SI units. 

NOTE: Add factor lE - 3 to YLCL for SI units. 

(14) 

(15) 

(h} For an axial slot-type defect, where the circumfer­
ential width of the slot, W =  ¢D/2, the minimum thickness 
for a repair laminate, tmin• is calculated using 
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p = fyfieak 

YLCL 

( 2) v4(� + 2) I - v nD D4 4 4G31 6 -----<t> + --<t> + <t> Eac 8 3841;;,in 11, 5201;;,in 

NOTE: Add factor lE - 3 to YLCL for SI units. 

(16) 

where the limit on the applicability of eq. (16) is given by ¢ 
< 1, where ¢ is the angle subtended by the axial slot 
(radians). 

(i) The value ofEaeand v2 in eqs. (14) through (16) shall 
be taken as (Ea · Ee)o.s and (Vea 2 · Ea/ Ee), respectively, as the 
repair laminate is anisotropic, i.e., the properties of the 
material are different in the axial and circumferential 
directions. 

401-3.4.7 Impact 

(a) For repairs to leaking components, the Repair 
System supplier shall demonstrate that the Repair 
System is capable of withstanding a low-velocity 5 J 
(44.3 in.-lb) impact in accordance with the procedure 
described in Mandatory Appendix 405-VI .  

(b) The repair laminate thickness, as designed per this 
Article, may be insufficient to address external impact 
loads. Consideration should be given to increasing the 
laminate repair thickness or providing other methods 
of protection. 

401-3.4.8 Axial Length of Repair 

(a) Unless it can be demonstrated that a shorter repair 
length is sufficient, the design thickness of the repair lami­
nate shall extend beyond the damaged region in the 
component, Loven by 

Lover = 2.S.jDt/2 (17) 

(b) F o r  repa i r s  de s i gned  i n  accordance  with 
para. 401-3.4.6, Lover shall be the greater of 

( 
Eat'atrepair ) 

Lover = max. 2.S.jDt/2 or 
r 

(18) 

(c) The total axial length of the repair is given by 

L = 2Lover + Ldefect + 2Ltaper (l 9) 

( d) The ends of the repair shall be tapered if the repair 
thickness is governed by axial loads (paras. 401-3 .4.4, 
401-3.4.5, and 401-3.4.6). A minimum taper of approxi­
mately 5 :1  should be used. 
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[e) The overlap length shall also be designed to be suffi­
cient to transfer the axial load. 

401-3.4.9 Component Fittings 

[a) Equations (3) through (12) relate to the stresses in 
the substrate (component) under combinations of 
internal pressure and axial load. For fittings, such as 
bends, reducers, tees, flanges, and nozzles, the stress 
systems are more complex and may need further consid­
eration. Calculations may be based on pressure stress 
multipliers for components taken from ISO 14692 or 
ISO 24817. 

(b) The pressure stress multiplier for bends, reducers, 
and other components where the membrane stress due to 
pressure is the same as for the simple component shall be 
taken as unity, and for pipe tees shall be taken as 2. The 
diameter required for repair design is the largest diameter 
of the component. 

401-3.4.10 Other Design Considerations 

(a) Paragraphs 401-3.4. 10 .1 through 401-3.4.10.6 may 
be applied if appropriate. 

{b) Additional calculations for the repair thickness 
under axial stresses due to external axial loads and 
moments can be found in ISO 24817. 

401-3.4.10.1 Other External Loads 

[a) To resist external pressure or vacuum applied to 
the Repair System, the minimum repair thickness, tmin• 
is given by 

(20) 

(b) For soil loads, to prevent the collapse of a buried 
repaired component, the external soil pressure, Pext,soiI 
shall be less than the collapse resistance of the Repair 
System, Pc 

where 

2Ec ( tmin ) Pext,soil < 
3( 1  - v2

) D 
3 

(21) 

4 [ ( D ) nD2 1 ( D )2] Pext soil = - D h + - - -- + - h + - Y. ·1 1 1tD 2 8 3 2 SOI 

where v2 is defined as (vca2 x Ea/Ee). 
[c) F o r  r e p a i r s  t o  b u r i e d  c o m p o n e nt s ,  s e e  

Mandatory Appendix 403-I for additional technical re­
quirements. 

401-3.4.10.2 Cyclic Loading 

[a) Cyclic loading shall be considered in the risk assess­
ment for the application of the Repair System. 
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{b) Cyclic loading is not necessarily limited to internal 
pressure loads. Thermal and other cyclic loads should also 
be considered when assessing cyclic severity. 

[c) If the predicted number of pressure or other loading 
cycles is less than 7,000 over the design life, then cyclic 
loading does not require consideration. 

[ d) If the predicted number of pressure or other 
loading cycles exceeds 7,000 over the design life, then 
cyclic loading shall be considered using eqs. (22) and 
( 2 3 ) . The  equations are conservative fo r lower  
numbers of  cycles. 

[e) If the predicted number of pressure or other 
loading cycles exceeds 108 over the design life, then 
in eqs . (22) and (23), N shall be set to 108. 

(f) F o r  t h e  d e s i g n  o f  n o n l e a k i n g  d e fe c ts  
(paras. 401-3 .4.4 and 401-3.4.5), the composite allowable 
strain in both circumferential and axial directions, Ee and 
Ea, in eqs. (lOa} and (lOb) shall be derated by the factor Jc, 
where fc is given by 

[R 2 + 
1 

(1 R
2
)] 

c 2.888Log (N) - 7. 108 
-

c 
(22) 

(g) For the design ofleaking pipes (para. 401-3 .4.6), the 
service factor, !ieak• in eqs. ( 13) through ( 16) shall be 
replaced by 

f1eak = 0.333fc 
(23) 

{h) These equations are intended for cyclic internal 
pressure loading only, but may be applied with caution 
to axial loads, provided they remain tensile, i.e., the equa­
tions are not applicable for reversible loading. 

401-3.4.10.3 Fire Performance 

[a) The requirements for fire performance shall be 
identified in the risk assessment. 

(1) Flame spread and smoke generation shall also be 
considered in the assessment. 

(2) Due account shall be taken of the response of the 
Repair System (component substrate and the repair lami­
nate). 

{b) Strategies for achieving fire performance may 
include the following: 

(1) application of additional wraps of repair lami­
nate material such that enough basic composite will 
remain intact for the duration of the fire event 

(2) application of intumescent external coatings 
(3) application of intumescent and other energy 

absorbent materials within the repair laminate 
(4) use of polymer formulations with specific fire­

retardant properties 
(c) Further details oftest methods for fire performance 

and fire mitigation are contained in test methods ASTM 
E84 or ISO 14692. 
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401-3.4.10.4 Electrical Conductivity 

(a) For repairs to metallic substrates, it is likely that the 
properties of the substrate will satisfy electrical conduc­
tivity requirements. 

(b} Where the substrate is insulating, e.g., glass FRP, 
and electrical conductivity requirements are specified, 
the electrical conductivity properties of the Repair 
System should be measured to ensure that the original 
characteristics of the substrate are restored. 

(c) Electrical conductivity testing details are contained 
in test methods ASTM 0149 or ISO 14692. 

401-3.4.10.5 Environmental Compatibility 

(a) The suitability of the Repair System in the service 
environment shall be based on the following considera­
tions: 

(1) The service environment is the environment that 
will contact the repair laminate. It may be either the 
external or internal environment. 

(2) When required by the service environment, the 
Repair System shall be protected from UV exposure (e.g., 
sunlight), water, and damaging chemicals, either as an 
inherent characteristic of the Repair System or by the 
application of coating or mechanical barrier. 

(b J The application of the Repair System shall be 
compatible with aqueous and hydrocarbon environments 
at the qualification temperature. 

(1) In general, thermoset polymers are compatible 
with a wide range of environments. 

(2) Consideration should be given when the environ­
ment is strongly acidic (pH < 3.5), strongly alkaline (pH > 

1 1) ,  or is a strong solvent, e.g., methanol, toluene in 
concentration greater than 25%. 

(c) When the compatibility of the Repair System is 
unknown, then the Repair System suppl ier  shal l  
provide one of the following to demonstrate compatibility: 

(1) environmental compatibility data from the 
polymer supplier demonstrating that the environment 
is no more aggressive than aqueous or hydrocarbon en­
vironments at the design temperature. 

(2) if no compatibility data from the polymer 
supplier i s  available, then specific environmental 
testing is required. 

(-a) Results from tests according to one of the 
fo llowing test methods, ASTM 0543 ,  ASTM C 5 8 1 , 
ASTM 03681 ,  or ISO 10952, comparing the exposure 
of the specific environment and aqueous environment 
to the repair laminate at the design temperature shall 
be performed. 

(-b) The Repair System shall be considered 
compatible to the specific environment if the test 
results from the specific environment are no worse 
than for the aqueous environment. 

(d) When erosion is the cause of the degradation 
process of the substrate material and the repair laminate 
is in contact with the eroding medium, then the repair 
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laminate may suffer material loss. The Repair System 
supplier shall demonstrate that despite this potential 
loss of laminate material, the Repair System should 
survive for the specified repair lifetime. 

401-3.4.10.6 Cathodic Disbondment 

(a) For repairs to components that are cathodically 
protected, it shall be demonstrated that the repair will 
not disband due to the cathodic protection system. 

(b) Test method ASTM GS, ASTM G42, or ASTM G95 
may be used to demonstrate that the repair will not be 
s usceptible to substantial d isbandment under an 
imposed electrical current. 

401-3.4.11 Design Output 

(a) trepair equals the larger of all the applicable calcu­
lated tmin (e.g., circumferential, axial, leaking) . 

(b) The outputs of the design calculations of the repair 
laminate are the following: 

(1) number of layers, n 
(2) total axial repair length, L [from eq. (19)] 

(c) The number of layers for installation purposes is 

trepair 
n = --

t1ayer 
(24) 

where n shall be not less than 2 and rounded up to the 
nearest whole number. 

(d} The layer thickness, t1ayer> may be determined from 
the thickness of the tension test coupons divided by the 
number of layers used in preparing the coupons. 

401-3.5 Approval 

Designs of repairs according to this Article shall be 
authorized by a professional engineer (or international 
equivalent) or shall be undertaken by a technically compe­
tent person acceptable to the owner. 

401-4 FABRICATION (INSTALLATION) 

401-4.1 General 

The repair thickness to be installed shall be expressed 
as the number of layers to be applied (based on the 
minimum thickness per layer determined during valida­
tion); see para. 401-3.4.1 1. 

401-4.2 Materials of Construction 

(a) The materials of construction shall be those for 
which the qualification and design have been completed. 

(b} The Repair System manufacturer shall have a 
quality program in place, such as ISO 9001, that demon­
strates consistent and repeatable production quality. 

(c) The quality program shall include batch testing of 
the qualified Repair System materials. The frequency of 
sampling and the tests required shall be specified by the 
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Repair System supplier. Batch testing may include tests 
such as 

(1) physical properties of the fabric (e.g., mass per 
unit area) 

(2) tensile properties of the fibers 
(3) tensile properties of the laminate 
(4) glass transition temperature of the polymer 
(5) gel times of the polymer 
(6) compression strength of filler material 

(d} Test results shall be retained or be retrievable by 
the Repair System supplier and be traceable by batch 
number. 

(e) The Repair System supplier shall label Repair 
System materials i ssued with the relevant batch 
number(s). 

401-4.3 Storage Conditions 

(a) Storage of material shall comply with the Repair 
System supplier's instructions. 

(b) The materials safety data sheets (MSDS) shall be 
retained for reference. 

NOTE: The materials used need to be stored and controlled 
according to national, state, or local safety regulations (e.g., 
OSHA or COSHH). 

401-4.4 Method Statements 

(a J Installation of a Repair System shall be covered by a 
method statement, which describes each of the main 
procedures to be carried out. 

(b} Input to the method statement comes from the 
following: 

(1) risk assessment (supplied by owner) 
(2) working conditions (supplied by owner) 
(3) design information 

(-a) plant operating conditions, layout, etc. 
(supplied by owner) 

(-b) design of repair (supplied by Repair System 
supplier) 

(4) materials information for Repair System 
(supplied by Repair System supplier) 

(c) Typically, the method statement includes informa­
tion specified in paras. 401-4.4.1 through 401-4.4.5 . 

401-4.4.1 Health and Safety 

(a) list of materials to be handled, including copies of 
MSDS 

(b} national, state, or local safety regulations (e.g., 
OSHA, COSHH) assessment for process 

(c) details of personal protective measures to be 
adopted 

( d} list of hazards associated with equipment to be 
repaired and equipment in the vicinity of the repair 
site with protective measures 
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401-4.4.2 Repair Design 

(a) details of laminate lay-up, including number of 
wraps, repair area covered, and orientation of individual 
layers of reinforcement (this may be presented as a 
written description or a drawing incorporating standard 
details such as overlap and taper and taper length infor­
mation) 

(b) details of surface preparation procedure, including 
method of application, equipment to be used, and inspec­
tion method 

(c) details of infill required to achieve a smooth outer 
profile prior to the application of the repair laminate 

401-4.4.3 Repair Application 

(a) details of time limitations between stages of the 
repair, e.g., between surface preparation and lamination 

(b) details of lay-up procedure including if the repair 
laminate is to be applied in stages 

(c) details of curing procedure including postcuring if 
necessary 

401-4.4.4 Quality Assurance 

(a) details of hold/inspection points during the Repair 
System application (see para. 401-4.6 and Mandatory 
Appendix 401-VIII) 

(b} details of any materials tests to be carried out (if 
specified by owner or the Repair System supplier) 

(c) details of any pressure system tests to be carried out 
(see section 401-6) 

Shore or Barco! hardness values should be used as a 
field indication of cure. Measured hardness values 
should be no less than 90% of the minimum obtained 
from Repair System qualification. 

401-4.4.5 Environmental. The Repair System installer 
shall provide information on disposal of unused materials 
and waste. 

401-4.5 Installer Qualifications 

Personnel involved in the installation of a Repair System 
s h a l l  b e  t r a i n e d  a n d  q u a l i fi e d  a c c o r d i n g  t o  
Mandatory Appendix 401-VII . 

401-4.6 Installation Guidance 

(a) Repair System suppliers shall provide full installa­
tion instructions. These instructions shall include (where 
appropriate) 

(1) acceptable environmental conditions of site at 
time of repair 

(2) material storage 
(3) substrate surface preparation 
(4) load transfer material 
(5) polymer mixing 
(6) laminate lay-up 
(7) laminate consolidation 
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Table 401-4.6-1 
Hold Points During Installation 

Hold Point 

Method statement 

Materials preparation 
o reinforcement 
o polymer 

Substrate surface preparation 
o inspection 

Filler profile 

Stage check on reinforcement lay-up 

Tests on repair laminate 
o cure (hardness) 
o thickness 
o dimensions 
o external inspection (see Table 401-5.2-1) 

Pressure test 

(8) cure 
(9) key hold points 

Checked By 

Installer 

Installer 

Installer or supervisor 

Installer 

Installer 

Installer or supervisor 

Inspection authority 

(b} Further details of these requirements can be found 
in Mandatory Appendix 401-VIII . 

(c) The key hold points that may be observed during a 
repair are summarized in Table 401-4.6-1. 

( d) The results of the tests on the repair laminate shall 
be compared with the qualification data. Acceptance 
values of the test results shall be provided by the 
Repair System supplier prior to Repair System installa­
tion. 

401-4.7 Live Repairs 

(a) Repairs to nonleaking, live process systems are 
possible, provided that the associated hazards are fully 
considered in the risk assessment for the operation. 
This should include any hazards to and from surrounding 
equipment in addition to the component being repaired. 

(b) The tensile (radial) stresses induced into the adhe­
sive bond as a result of the thermal contraction differences 
between the composite and the component substrate 
upon the removal of live loads should be negligible. 

401-5 EXAMI NATION 

401-5.1 Introduction 

This section provides guidance on the postinstallation/ 
operational issues of Repair Systems. 

(a) The installation of a Repair System should not affect 
any internal inspections that may be carried out. 

(b} The main issues for nondestructive examination of 
the Repair System are 

(1) the inspection of the repair (composite) laminate 
(2) the inspection of the bond quality between the 

repair laminate and the substrate 
(3) the inspection of the substrate 
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(c) The basic structure of a composite repair in this 
context is considered in Figure 401-5.1-1 .  

401-5.2 Defects Within the Repair System 

(a) The Repair System supplier shall provide postin­
stal lation visual inspection criteria .  Guidance on 
defects and allowable limits that are likely to be of impor­
tance are given in Table 401-5.2-1 .  

(b} The installer shall take care to ensure that these 
defects are not formed during application of the Repair 
System. 

401-5.3 Repair of Defects Within the Repair System 

(a) Dry areas in the polymer-rich surface layer may be 
repaired by abrading and cleaning the affected area and 
then wetting out with more polymer. 

(b) Repairs containing defects that exceed the limits in 
Table 401-5 .2-1 shall be removed in their entirety and a 
new repair installed. However, on agreement with the 
owner, local removal of the damaged area and reapplica­
tion of the Repair System materials to this area are allow­
able if the Repair System supplier can demonstrate that 
this will restore the full performance of the repair. 

401-5.4 Inspection Methods 

401-5.4.1 Visual Inspection 

(a) The inspection of the repair (composite) laminate 
may be performed visually after installation. 

(b} The inspection of the bond quality between the 
repair laminate and substrate may be performed visually 
during installation. 

(c) The inspection of the substrate may be performed 
visually before installation of the repair (composite) lami­
nate. 

401-5.4.2 Hardness Test 

(a) Barco) hardness may be performed in accordance 
with Table 401-3.2-1. 

(b) Shore hardness may be performed in accordance 
with Table 401-3.2-1. 

401-5.4.3 Tap Test 

(a) The tap test may be utilized to identify delamina­
tions and voids in the cured laminate that sound hollow in 
comparison with a solid area. 

(b) In the tap test, the surface of the structure is tapped 
by hand using a hard, blunt object, such as a tapping 
hammer [less than 60 g (2 oz)], a sounding wand, or a coin. 

NOTE: This method is often used as the first inspection method, 
which may be followed by other NOE techniques. 

401-5.4.4 Repair System Supplier Guidance. Refer to 
Repair System supplier for guidance on methods for 
inspecting the Repair System. 
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Figure 401-5.1-1 
Schematic of a Repair System and Location of Defects 

Com posite repair 
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Internal defect 

401-5.5 Repair System Replacement Strategy 

(a) The maintenance and replacement strategy for 
Repair Systems will be a function of the type of original 
defect in the component. 

(b} For above-ground process systems, visual inspec­
tion of the repair laminate for defects in accordance with 
Table 401-5 .2-1 should be performed as part of the main­
tenance strategy. The frequency of inspection should be 
determined in accordance with the risk assessment. If 
defects are located, then further assessment will be 
required. 

(c) If the assessment determines that replacement is 
required, then replacement options include 

(1) removal of the repair (e.g., through ultra-high 
pressure water jetting or sand blasting) and replacement 

(2) repair the repair laminate. In this case the 
damaged repair laminate shall be considered as the 
defect for design purposes and a new repair designed 
according to para. 401-3.4 

(3) l o c a l i z e d  r e p a i r  of the  damaged  area ,  
para. 401-5.3 

401-5.5.1 External Defects. For external defects, it is 
assumed that further deterioration of the defect is stopped 
on application of the repair laminate. Therefore, the main­
tenance strategy should be to ensure that the repair lami­
nate remains intact, i .e . ,  the repair laminate is not 
damaged or delaminated in part from the substrate. 

401-5.5.2 Internal or Through-Wall Defects 

NOTE: For internal corrosion or through-wall defects, further 
deterioration or growth of the defect can continue despite appli­
cation of the repair laminate. 

(a) In addit ion to the requirements set out in  
para .  4 0 1 - 5 . 5 . 1 , the maintenance strategy should 
ensure that the internal defect does not grow to a size 
greater than assumed in the design of the repair or 
that the repair laminate does not delaminate from the 
component substrate. 
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External defect 

(b J The frequency of inspection should be determined 
in accordance with the risk assessment. 

(c) If the design assessment determines that the Repair 
System is no longer  fit fo r purpose ,  then other 
maintenance/repair options should be considered, as 
described in this Standard. 

401-6 SYSTEM PRESSURE TESTING 

(a) System pressure testing, if  required, shall be speci­
fied by the owner. 

(b} All repairs shall be cured in accordance with the 
Repair System supplier instructions before pressure 
testing. 

(c) A pressure test ofnot less than 1.0 times the MAOP / 
MOP shall be performed. 

(d} A pressure test may be performed for a reasonable 
period of time to capture other potential Repair System 
conditions. 

(e) If the test pressure exceeds the pressure for which 
the Repair System has been designed, then this higher 
pressure shall be considered as a separate design case. 
For the purposes of the calculation, the test condition 
may be treated as an occasional load. 

(/) Any signs of leakage or indication of repair laminate 
failure shall be cause for rejection of the repair. 

(g) See Article 50 1 for additional guidance on pressure 
testing. 

401-7 REFERENCES 

401-7.1 Referenced Codes and Standards 

The following codes and standards are referenced in 
this Article. 

AP! RP 579- 1 -2016/ASME FFS-1, Fitness-For-Service 
(latest edition) 

AP! 620-2013, Design and Construction of Large, Welded, 
Low-pressure Storage Tanks 
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Table 401-5.2-1 
Defect Type and Allowable Limits for the Composite Wrap 

Repair Section Defect Allowable Limits 

Repair material and 
substrate prior to 
repair application 

Check that substrate materials are 
those specified by design 

Changes in geometry 

Substrate preparation 

Surface temperature 

Defect 

Location of repair 

Interface Delamination 

Polymer-rich layer Cracks 

Repair area to be free of sharp changes in 
geometry [all radii > 5 mm (0.2 in.)), or 
sharp geometry to be faired-in 

In accordance with Repair System specification 

Axial extent to be in accordance with design 

In accordance with repair design 

Dimensions do not exceed those for which the 
repair has been designed 

Defect nature to be that for which the repair has 
been designed 

Axial extent and positioning to be in accordance 
with design 

Tap test may indicate presence of debonding 
None at ends of repair 

None (check adhesive fillets) 

Foreign matter, blisters, and pits Maximum 10 mm (0.4 in.) in width, 2.5 mm 
(0.1 in.) in height 

Composite laminate 

Wrinkles 

Pinholes 

Polymer color 

Dry spots 

Fiber orientation 

Unimpregnated/dry fiber 

Exposed, cut edges/fibers 

Foreign matter 

No step changes in thickness greater than 
2.5 mm (0.1 in.) in height 

None deeper than polymer-rich layer 

Uniform 

None 

As specified in design 

None 

None 

None 

Axial extent and positioning of 
the repair 

As specified in the design 

Does not extend beyond prepared surface 

AP! 650-2013  with 2014 addendum, Welded Tanks for Oil 
Storage 

Publisher: American Petroleum Institute (AP!),  2 0 0  

Massachusetts Avenue NW, Suite 1 100, Washington, 
DC 20001-5571  (www.api.org) 

ASME 831 .1-2016, Power Piping 

ASME 83 1.3-2016, Process Piping 

ASME 83 1.4-2016, Pipeline Transportation Systems for 
Liquids and Slurries 

ASME 83 1.8-2016, Gas Transmission and Distribution 
Piping Systems 
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ASME 83 1G-2012, Manual for Determining the Remaining 
Strength of Corroded Pipelines: Supplement to ASME 
831  Code for Pressure Piping 

ASME Boiler and Pressure Vessel Code 
ASME PCC-2-20 15, Repair of Pressure Equipment and 

Piping 
Publisher: The American Society of Mechanical Engineers 

(ASME), Two Park Avenue, New York, NY 10016-5990 
( www.asme.org) 
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ASTM C581-2003(2008)el, Standard Practice for Deter­
mining Chemical Resistance of Thermosetting Resins 

Used in Glass-Reinforced Structures Intended for 
Liquid Service 

ASTM D l49-2009(2 0 1 3) ,  Standard Test M ethod for 
Dielectric Breakdown Voltage and Dielectric Strength 

of Solid Electrical Insulating Materials at Commercial 

Power Frequencies 
ASTM D543-2014, Standard Practices for Evaluating the 

Resistance of Plastics to Chemical Reagents 
ASTM D648-2007, Standard Test Method for Deflection 

Temperature of Plastics Under Flexural Load in the 

Edgewise Position 
ASTM D695-2010, Standard Test Method for Compressive 

Properties of Rigid Plastics 

ASTM D790-20 1 0, Standard Test Method for Flexural 

Properties of Unreinforced and Reinforced Plastics 
and Electrical Insulating Materials 

ASTM Dl598-2002(2009), Standard Test Method for the 
Time-to-Failure of Plastic Pipe Under Constant Internal 
Pressure 

ASTM D l 599-2014 el, Standard Test Method for Resis­
tance to Short-Time Hydraulic Pressure of Plastic Pipe, 
Tubing and Fittings 

ASTM D2240-2005(2 0 1 0) ,  Standard Test Method for 
Rubber Property - Durometer Hardness 

ASTM D2583-2013a, Standard Test Method for Indenta­

tion Hardness of Rigid Plastics by Means of a Barco) 
Impressor 

ASTM D2990-l  7, Standard Test Methods for Tensile, 

Compressive, and Flexural Creep and Creep-Rupture 
of Plastics 

ASTM D2992-2 0 1 2 ,  Standard Practice for Obtaining 

Hydrostatic or Pressure Des ign Basis for (Glass­
Fiber-Reinforced Thermosetting Resin) Pipe and 

Fittings 

ASTM D3039-20 14, Standard Test Method for Tensile 
Properties of Polymer Matrix Composite Materials 

ASTM D 3 165-2007(20 14), Standard Test Method for 

Strength Propert ies  o f  Adhes ives  i n  Shear  by 
Tension Loading of Single-Lap-Joint Laminated Assem­

blies 
ASTM D3681-2012 el, Standard Test Method for Chemical 

Resistance of "Fiberglass" (Glass-Fiber-Reinforced 

Thermosetting Resin) Pipe in a Deflected Condition 
ASTM D5379-2012, Standard Test Method for Shear Prop­

erties of Composite Materials by the V-Notched Beam 

Method 
ASTM D5868-2001(2014), Standard Test Method for Lap 

Shear Adhesion for Fiber Reinforced Plastic (FRP) 
Bonding 

ASTM D6604-2000(2013),  Standard Practice for Glass 

Transition Temperatures of Hydrocarbon Resins by 
Differential Scanning Calorimetry 
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ASTM D6641-2014, Standard Test Method for Compres­

sive Properties of Polymer Matrix Composite Materials 

Using a Combined Loading Compression (CLC) Test 
Fixture 

ASTM E84- 2 0 1 5a, Standard Test Method for Surface 
Burning Characteristics of Building Materials 

ASTM E 8 3 1 - 2 0 14, Standard Test M ethod for Linear 

Thermal Expansion of Solid Materials by Thermome­
chanical Analysis 

ASTM E l640-2013,  Standard Test Method for Assignment 

of the Glass Transition Temperature By Dynamic 
Mechanical Analysis 

ASTM G 8 - l  9 9 6 ( 2 0 1 0 ) ,  Standard Test M ethods for 
Cathodic Disbanding of Pipeline Coatings 

ASTM G42- 2 0 1 1, Standard Test Method for Cathodic 

Disbanding of Pipeline Coatings Subjected to Elevated 
Temperatures 

ASTM G84-l 989(2012), Standard Practice for Measure­

ment of Time-of-Wetness on Surfaces Exposed to 
Wetting Conditions as in Atmospheric Corrosion 
Testing 

ASTM G95- 2 0 0 7 ( 2 0 1 3) ,  Standard Test Method for 
Cathodic D isbandment Test of Pipeline C oatings 
(Attached Cell Method) 

Publisher: American Society for Testing and Materials 
(ASTM International), 1 0 0  Barr Harbor Drive, P .O.  
Box C 7 0 0 ,  West Conshohocken, PA 1 9 4 2 8 - 2 9 5 9  

( www.astm.org) 

AWWA Dl00-1 1, Welded Carbon Steel Tanks for Water 
Storage 

AWWA D103- 14, Factory-Coated Bolted Carbon Steel 

Tanks for Water Storage 
Publisher: American Water Works Association (AWWA), 

6 6 6 6  West Quincy Ave nue,  D e nver,  C O  8 0 2 3 5  

( www.awwa.org) 

BS 7 9 1 0 :  1999,  Guide on Methods for Assessing the 
Acceptability of Flaws in Metallic Structures 

BS EN 59: 1977, Measurement of Hardness by Means of a 
Barco) Impressor 

BS EN 1465: 1995, Determination of Tensile Lap Shear 

Strength of Rigid to Rigid Bonded Assemblies 
BS EN 4994- 1 987,  Specification for the Design and 

Construction of Vessels and Storage Tanks in Rein­

forced Plastics 

BS EN 1 3 1 2 1-2 :2003 ,  GRP Tanks and Vessels for Use 
Above Ground 

PD 5500, Specification for Unfired Fusion Welded Pres­

sure Vessels 
Publisher: British Standards Institution, Inc. (BSI), 12950 

Worldgate Drive, Suite 800, Herndon, VA 2 0 1 7 0 

(www.bsigroup.com) 

ISO 75-1 :2013,  Plastics - Determination of temperature 
of deflection under load 
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ISO 75-3:2004, Plastics - Determination of temperature 
of deflection under load - Part 3: High-strength ther­

mosetting laminates and long-fibre-reinforced plastics 
ISO 1 78 :2010, Plastics - Determination of flexural prop­

erties 
ISO 527-5 :2009, Plastics - Determination of tensile prop­

erties - Part 5: Test conditions for unidirectional fibre­

reinforced plastic composites 
ISO 604:2002, Compressive properties of plastics 

ISO 868:2003, Plastics and ebonite - Determination of 
indentation hardness by means of a durometer 
(shore hardness) 

ISO 8501 :  1988, Preparation of steel substrates before 
application of paints and related products 

ISO 8502 : 1 992, Tests for the assessment of steel cleanli­
ness 

ISO 8503 :1988, Surface roughness characteristics of blast 

cleaned steel substrates 
ISO 8504:2000, Surface preparation methods 
ISO 9001 :2015, Quality management systems - Require­

ments 

ISO 10952 : 1 999, Plastics piping systems - Glass-rein­
forced thermosetting plastics (GRP) pipes and fittings 
- Determination of the resistance to chemical attack 

from the inside of a section in a deflected condition 
ISO 1 1357-2 : 1999, Plastics - Differential scanning calori­

metry (DSC) - Part 2: Determination of glass transition 

temperature 
ISO 11359-2 : 1999, Plastics -Thermomechanical analysis 

(TMA) - Part 2 :  Determination of coefficient of linear 

thermal expansion and glass transition temperature 
ISO 13623:2000, Petroleum and natural gas industries -

Pipeline transportation systems 

ISO 14126:1999, Fibre-reinforced plastic composites -
Determination of compressive properties in the in­

plane direction 
ISO 14692 :2002, Petroleum and natural gas industries -

Glass reinforced plastic (GRP) piping 
ISO 15649 :2001, Petroleum and natural gas industries -

Piping 
ISO 24817 :2006, Petroleum, petrochemical and natural 

gas industries - Composite repairs for pipework -

Qualification and design, installation, testing and 
inspection 

Publisher: International Organization for Standardization 

(ISO), Central Secretariat, Chemin de Blandonnet 8, Case 
Postale 4 0 1 ,  1 2 1 4  Vernier, Geneva, Switzerland 

(www.iso.org) 

401-7.2 Related Codes and Standards 

The following are related codes and standards. Unless 

otherwise specified, the most recent standard (latest 

edition) available may be used. 
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ASME Boiler and Pressure Vessel Code, Section III ,  Divi­
sion 1, Subsection ND (ND-3 6 1 1 .2) ,  Piping Design/ 

General Requirements/ Acceptability /Stress Limits 
ASME Boiler and Pressure Vessel Code, Section III, Divi­

sion 1, Subsection ND [ND-3672.6(a)],  Piping Design/ 
General Requirements/Expansion and Flexibil ity/ 
Stresses/Stress Range 

ASME B3 1.5, Refrigeration Piping 
ASME B3 1.9, Building Services 

ASME B 3 1 . 1 1, Slurry Transportation Piping Systems 
(Note: ASME B 3 1 . 1 1  was absorbed by ASME B 3 1 .4. 
ASME B31 .11  is not referenced in text and is provided 
for reference only.) 

Publisher: The American Society of Mechanical Engineers 
(ASME), Two Park Avenue, New York, NY 10016-5990 

( www.asme.org) 

ASTM A106, Standard Specification for Seamless Carbon 

Steel Pipe for High-Temperature Service 
ASTM D638, Standard Test Method for Tensile Properties 

of Plastics 
ASTM D696, Standard Test Method for Coefficient of 

Linear Thermal Expansion of Plastics Between -30°C 
and 30°C with a Vitreous Silica Dilatometer 

ASTM D903, Standard Test Method for Peel or Stripping 
Strength of Adhesive Bonds 

ASTM Dl 763, Standard Specification for Epoxy Resins 

ASTM D 2 1 05, Standard Test Method for Longitudinal 
Tensile Properties of "Fiberglass" (Glass-Fiber-Rein­

forced Thermosetting-Resin) Pipe and Tube 
ASTM D2344, Standard Test Method for Short-Beam 

Strength of Polymer Matrix Composite Materials and 

Their Laminates 
ASTM D2837, Standard Test Method for Obtaining Hydro­

static Design Basis for Thermoplastic Pipe Materials 

ASTM D3846, Standard Test Method for In-Plane Shear 
Strength of Reinforced Plastics 

ASTM F412, Standard Terminology Relating to Plastic 

Piping Systems 
Publisher: American Society for Testing and Materials 

(ASTM International), 100  Barr Harbor Drive, P .O .  

B o x  C 7 0 0 ,  West Conshohocken,  PA 1 9 4 2 8 - 2 9 5 9  

( www.astm.org) 

AWWA C-150/A2 1.51, Standard for Thickness Design of 
Ductile Iron Pipe 

AWWA C-15 1/A2 1 .51 ,  Standard for Ductile Iron Pipe, 
Centrifugally Cast, for Water or Other Liquids 

AWWA C-200, Standard for Steel Water Pipe 6 in. and 
Larger 

AWWA M-11, Steel Pipe - A  Guide for Design and Instal­
lation 

Publisher: American Water Works Association (AWWA), 

6 6 6 6  West  Quincy Avenue,  D e nver, C O  8 0 2 3 5  
( www.awwa.org) 
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BS 2782:  Part 10, Method 1001, Measurement ofHardness 
by Means of a Barco) Impresser 

Publisher: British Standards Institution, Inc. (BSI), 12950 
Worldgate D rive, Suite 800 ,  Herndon, VA 2 0 1 70 
(www.bsigroup.com) 

CSWIP, CSWIP-GRP-1-96 and CSWIP-GRP-2-96, as per ISO 

8503 

ISO 14129, Fibre-reinforced plastic composites - Deter­
mination of the in-plane shear stress/shear strain 

response, including the in-plane shear modulus and 
strength, by the plus or minus 45 degree tension 

test method 
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ISO 153 10, Fibre-reinforced plastic composites - Deter­
mination of the in-plane shear modulus by the plate 

twist method 
ISO EN 13121, GRP tanks and vessels for use above ground 
NTS-GRP-FJS/01 and NTS-GRP-INSP /01, NTS GRP Guide­

lines for Approval Schemes for Fitters, Joiners, Super­

visors and Inspectors 

Publisher: International Organization for Standardization 
(ISO), Central Secretariat, Chemin de Blandonnet 8, Case 

Postale 4 0 1 ,  1 2 1 4  Vernier, Geneva, Switzerland 
(www.iso.org) 
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Mandatory Appendix 401- 1 
Desig n Data Sheet 

This Appendix provides an example of a design data 
sheet as referenced in para. 401-3 .3 . 
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Component Repair Data Sheet 
This com ponent repair  data sheet wi l l  form the basis of the c l ient's scope of work and be used in the preparation of a design 
solution .  One sheet shal l  be completed for each type of repair req uired. 

Where possible, (d ig ita l )  photographs of the defective areas should be provided. 

Customer Details 

Contact 

Company 

Address 

Postal code I Cou ntry I 
Telephone 

Fax 

E-mai l  

Job reference 

Component Details 

Component supports e.g. ,  buried, hangers, pipe racks, sleepers, thrust blocks 

Accessibi l ity 

Location e.g.,  inside, outside 

Quantity 

Component identification 

Component reference 

Component specification 

Material I g rade 

External d iameter 

Wal l  th ickness 

Medium 

Tem perature I Design I I Design 
Maximum Minimum 

Component coat ing (exist ing)  I 
Risk Assessment 

Repair Requirements (see para. 401-1 .2) 
Repair type e.g. ,  A (nonleaki ng) or B ( leaking) 

Required repair l ifetime 

Other data 

Com ponent loading Operating Design 

Pressure 

Axial 

Bending moment 

Other 

G E N E RAL NOTES: 

I I Operating 
Maximum 

Test 

I 

(a) For any ori g i nal  design calculations, com ponent isometrics shal l  be a ppended to this data sheet. 
(b) Loads sha l l  be defined as either "Susta ined" or "Occasional" in  the Comments col u m n .  
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I Operating I Minimum 

Comments 
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Component Repair Data Sheet (Cont'd) 
Details of Defect Area 

Attach drawings of process system, i nspection reports, etc., where available. Indicate any access restrictions 
and prox im ity to other equi pment. 

Repair specification 

Type of defect 

Nature of defect 

Cu rrent size Area Depth 

Projected size Area Depth 

Cause Corrosion Erosion 

Effect External Internal 

Perforated 

MAWP 

GENERAL NOTE: MAWP/MAOP/MOP is the maxi m u m  al lowable worki ng/operating pressure as defined in ASME B 3 1 G ,  
A P I  579-1/ASME FFS-1 ,  or BS 7910. 

Anticipated Conditions During Implementation of Repair 

Pipe temperatu re M i n i m u m  I I Maxi m u m  I 
Ambient temperature M i n i m u m  I I Maxi m u m  I 
H u m i d ity 

External environment 

Constraints 

Facilities to be Provided by Client I Installation (surface prep., etc.) 

Other Information 

GE NERAL NOTE: This should i nc lude any remarks on previous repai rs, fire protection req u i rements, 
avai lable design calcu lations, etc. 

Date: _________ _ 
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Mandatory Appendix 401- 1 1  
Qualification Data for the Repair System 

DELETED 
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Mandatory Appendix 401- 1 1 1  
Short-Term Pipe Spool Su rvival Test 

DELETED 
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Mandatory Appendix 401-IV 
(22) Measurement of y for Leaking Defect Calculation 

DELETED 
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Mandatory Appendix 401-V 
Measurement of Performance Test Data 

DELETED 
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Mandatory Appendix 401-VI 
Measurement of I m pact Performance 

DELETED 
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Mandatory Appendix 401-Vl l  
Installer Qualification 

401-Vll-l I NTRODUCTION 

The repair of components using composite laminates 
differs considerably from other repair techniques, and 

the quality of the installation depends strongly on satis­
factory craftsmanship. Training and qualification of per­
sonnel are therefore key elements of a successful repair. 
This Appendix outlines the requirements for training, 
qualification, and approval of installers and supervi­

sors/trainers for the specific Repair System. 

NOTE: Supervisors and trainers have the same qualification re­
quirements but may be different positions within the organiza­
tion of the Repair System vendor. 

401-Vl l-2 TRAI N ING 

(aJ Courses and training shall be arranged by or with 
the assistance of the Repair System supplier. 

(lJ The Repair System supplier shall use qualified 

trainers to train installers and other supervisors. 
(2J The Repair System supplier shall be responsible 

for the training of the supervisors/trainers. 

(bJ The basic course shall give a theoretical and prac­
tical introduction to the most important elements in the 
installation of a composite repair. 

401-Vl l-2.l Coursework (Installer) 

(aJ The course shall include training in 

(lJ definition of a Repair System 
(2J terminology, types of repair 
(3J hazards associated with pressurized systems 
(4J health, safety, and environment 

(SJ surface preparation 

(6J material preparation 
(7J material application 
(BJ control of repair conditions 
(9J quality control 

(bJ A written test covering the above subjects shall be 

taken and passed by the installer. 

401-Vl l-2.2 Coursework (Supervisor/Trainer) 

(aJ The supervisor/trainer candidate shall be a qual­
ified installer. 

(bJ The superv isor/trainer shal l  complete  the 
following additional training: 

(lJ supervisor's/trainer's duties and responsibilities 
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(2J evaluation methods used in repair design 
(3J health and safety 
(4J installation checklist and hold points 

(SJ inspection of repairs 

(cJ A written test covering the above subjects shall be 
taken and passed by the supervisor /trainer. 

401-Vl l-2.3 Installer-Specific Qualification 

(aJ Installers shall be qualified for each specific Repair 
System through practical tests for Type A and/or Type 8. 

(bJ All specific approval tests shall be carried out in 
accordance with a written procedure, relevant to the spe­
cific Repair System and approved by the Repair System 

supplier. 
(cJ Qualification records shall be maintained by the 

employer of the Repair System installer. 

401-Vl l-2.3.l Type A 

( aJ Repair shall be applied to a pipe test specimen of at 
least 100 mm ( 4 in.) diameter. 

(bJ Repair shall pass visual inspection completed in 
accordance with para. 401-5.2 witnessed by a supervisor 
or instructor. 

401-Vl l-2.3.2 Type B 

(aJ In addition to the requirements for Type A repairs, 

an identical test specimen to one of the nine from 
Mandatory Appendix 405-IV shall be prepared. 

(bJ The specimen shall be subject to a pressure test as 
described in Mandatory Appendix 405-IV (see Article 501 

for guidance). 

(cJ The y value of the test shall be calculated according 
to Mandatory Appendix 405-IV. 

(dJ The calculated y value shall be not less than YLCL· 

401-Vl l-3 TRAINING RECORDS 

( aJ At the completion of an installer or supervisor/ 
trainer course, a successful candidate shall be issued a 

certificate by the qualified trainer providing details of 

the Repair System of concern. 
(bJ The employer of the Repair System installer shall 

keep a record of the completed training (e.g., logbook for 
each Repair System installer). 
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401-Vl l-4 REQUALIFICATION 

(a) The type-specific qualification shall be valid for a 
period of 1 yr. 

(b} If the installer has performed a documented instal­
lation witnessed by a supervisor during the year of type­

specific qualification, then their qualifications may be 
renewed for another year, for a maximum of two renewals. 

2 1 0  

(c) If the installer has not performed a repair i n  the last 
year, then they shall be requalified prior to applying 
further repairs. 

( d} The installer shall complete the requalification 
process no less than once every 3 yr. The requalification 
shall consist of passing the written test and any other re­
quirements imposed by the manufacturer, owner, or 

operator. 
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Mandatory Appendix 401-Vl l l  
I nstallation 

401-Vl l l-l INTRODUCTION 

(a) Repair System suppliers shall provide full installa­

tion instructions. 
(b} The requirements given in the following sections 

are intended to complement those given by Repair 

System suppliers and specify the key operations necessary 
for a successful repair. In the event of conflict, the Repair 

System supplier should be contacted for clarification. 

(c) Full instructions for each repair situation shall be 
given in the method statement prepared in each instance. 

401-Vl l l-2 SURFACE PREPARATION 

(a) The surface preparation shall extend at least over 
the whole surface onto which the repair laminate is to be 
applied and be in accordance with the specific Repair 
System. 

(b) Assessment of the prepared surface for roughness 

and cleanliness may be obtained from SSPC (SP 1 through 

14/NACE 1 through 8), ISO 8501, ISO 8502, ISO 8503, or 
ISO 8504. 

(c) Any chemicals used for surface preparation shall be 

within the recommended shelf life and freshly mixed 
(where appropriate). 

(d} The time period between surface preparation and 

initial coating/laminate application should be as short as 
possible, to avoid formation of flash corrosion. 

(e) Prepared surfaces shall be protected from contam­
ination prior to the application of the repair laminate. 

Deterioration of the prepared surface shall be cause 
for rejection and the surface preparation procedure 
repeated. 

(f) The specified surface preparation technique shall 
not be replaced by another, without explicit guidance 
from the Repair System supplier, who shall have qualified 
the alternative as part of a different Repair System. 

401-Vl l l-3 LAMI NATE LAY-UP 

Where appropriate, these details shall include the 

following: 

(a) infill compounds 
(b) primer application 
(c) polymer /load transfer material (if needed}/primer 

layer (if needed) preparation 
(d} reinforcement orientation 
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(e) overlaps between neighboring layers 
(f) overlaps between individual layers 
(g) consolidation of the layers 

(h} finishing layer/coating (top coat) 

(i) taper details (see para. 401-3 .4.8) 

401-Vl l l-4 CURE 

CAUTION: Each polymer in the Repair System can be cured to 

a range of glass transition temperatures. Repair Systems 

will not achieve the ultimate glass transition temperature 

determined by the qualification testing specified in this 

Standard unless they experience the same temperature 

for the same period of time as the sample tested. 

Repairs designed for elevated temperature service will not 

meet the requirements of this Article unless they are subject 

to a postcure (heating) cycle that matches the thermal 

history of the sample tested during qualification. 

(a) Since the cure of a repair laminate is strongly influ­
enced by temperature and the correct mixing of polymer 

constituents prior to lamination, the limits set by Repair 
System supplier shall not be exceeded without approval 
from the Repair System supplier. 

(b) Where elevated temperatures are required for 
curing, the temperature shall be monitored throughout 

the curing process and adhere to Repair System supplier's 

guidance. 

(c) The time for full cure is dependent on the type of 
polymer used in the repair and ambient conditions. The 
extent of cure achieved during installation shall be the 

same as that assumed in the design. 
( d} If the process system pressure has been reduced 

prior to repair, then the repaired component shall not 
be returned to its normal operating pressure until satis­

factory cure has been achieved. 

401-Vl l l-5 DOCUMENTATION 

(a) A record for each repair should  be made and 
retained for the repair life. 

(b) A unique identifier should be assigned to each 
repair. 

(c) The design records that should be kept include the 
following: 

(1) layers and orientation of reinforcement 
(2) preparation procedure 
(3) cure procedure 

(4) postcure 
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(5) number of layers 
(6) axial extent of repair 
(7) design data (Mandatory Appendix 401-1) and 

calculations 
(8) location of repair 

(d) The material records that should be kept include 

the following: 

(1) Repair System supplier 
(2) polymer type and quantity 

(3) reinforcement type and quantity 
(4) batch numbers for materials 

(e) The quality control records that should be kept 

include the following: 

2 1 2  

(1) repair reference number 
(2) visual inspection report (see acceptable defects 

listed in Table 401-5.2-1) 
(3) thickness measurement 
( 4 J repair dimensions 
(5) qualification for personnel completing the instal­

lation 

(6) Barco) or Shore hardness measurement (if speci­
fied) 

(7) T9 measurement (if specified} 
(f] The details of future service inspection intervals 

should be kept. 
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Nonmandatory Appendix 401-A 
Glossary of Terms and Acronyms 

401-A-l GLOSSARY OF TERMS 

anisotropic: exhibiting different properties in different 
directions. 

Barco/ hardness: measure of surface hardness using a 
surface impresser. 

batch: a quantity of a material that is produced in a single 
production run or single cycle of manufacture. A batch 

may be divided into one or more lots. 

composite: a thermoset plastic (polymer) that is reinforced 

by fibers. 

continuous [fiber): unbroken fiber lengths throughout the 

structure. 

cure or curing: process of hardening a thermosetting 

polymer by an irreversible chemical reaction. 

delamination: separation of layers within a composite 
laminate or between the laminate and the host pipe. 

dent: indentation of the pipe or distortions of the pipe's 

circular cross section caused by external forces. 

design life: expected maximum service period of the repair 
under the design conditions. 

design life data: information necessary to support a 

"design l i fe"  for a repair .  This information could 
include long-term strength, long-term modulus, cyclic 
fatigue, chemical exposure, temperature, and impact 

and abrasion resistance. 

differential scanning calorimetry (DSC): method of deter­
mining the glass transition temperature of a thermoset­

ting polymer. 

disbandment: separation of the laminate from the 

substrate. 

glass transition temperature: temperature at which a 

polymer undergoes a marked change in physical proper­

ties. 

hardener: component added to a polymer resin to affect 
cure (curing agent). 

heat distortion temperature: temperature at which a stan­
dard test bar deflects a specified amount under a given 

load. 

laminate: the part of a Repair System that is the composite. 
Most composites considered in this document are 

composed of  discrete lamina or  layers, which are 
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wrapped or stacked, one on top of  the other.  This 
stacked construction is the "laminate." 

leak: this does not refer to a fluid leaking through a hole or 
breach in the pipe. Rather, this refers to a condition of a 

pipe (substrate) wall that could or does allow the contents 

of a pipe to make contact with and act directly upon the 
(composite) repair laminate. 

load transfer material: material used to repair external 
surface imperfections prior to the application of compo­

site laminate. 

may: word that indicates an action that is permitted but 
not required. 

mechanical damage: damage to the pipe surface caused by 
external forces.  Mechanical damage includes features such 

as creasing of the pipe wall, gouges, scrapes, smeared 
metal, and metal loss not due to corrosion. Cracking 
may or may not be present in conjunction with mechanical 

damage. Denting of the pipe may or may not be apparent in 
conjunction with mechanical damage. 

modified qualified Repair System: a Repair System, devel­

oped by modifying one or more elements of a previously 
qualified Repair System, for which the qualification testing 
recommended by Nonmandatory Appendix 405-8 of this 
Article has been completed. 

owner: the company or entity that owns or is responsible 
for the substrate being repaired. 

pipeline: pipe with components (e.g., bends, flanges, 

valves) subject to the same design conditions and typically 
used to transport fluids between plants, usually buried. 

pipework: interconnected piping subject to the same set or 
sets of design conditions. 

piping: assemblies of piping components (e.g., pipe, 

fittings,  flanges,  gaskets, bolting, valves) used  to 
convey fluids within a plant, often above ground but some­

times buried. 

plain dent: dent that varies smoothly and does not contain 
creases, mechanical damage, corrosion, arc burns, girth, or 

seam welds. 

ply: a single wrap or layer (lamina) of a repair laminate. 

postcure: additional elevated temperature cure. 
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qualified Repair System: a Repair System for which the 
qualification testing mandated by this Article has been 

completed. 

reinforcement: a high-strength fiber imbedded in the 
plastic (polymer), resulting in mechanical properties 

superior to those of the base polymer. 

resin system: all of the components that make up the matrix 
(plastic or polymer) portion of a composite. Often this is a 

resin, filler(s), pigment, mechanical property modifiers, 
and catalyst or hardener. 

risk: a term encompassing what can happen (scenario), its 

likelihood (probability), and its level of damage ( conse­

quences). 

shall: a word used to indicate an action that is mandatory. 
It indicates an action that is an essential element of the 
repair method that cannot be eliminated. 

Shore hardness: measure of surface hardness using a 
surface impresser or durometer. 

should: a word used to indicate an action that is not man­

datory. It indicates an action that when performed is 
generally considered to be good practice; however, 
there are some circumstances when the action is not 

appropriate or required, so the word should is used to 

provide flexibility for the article to cover a broad 
range of circumstances. It is not mandatory unless so 

specified by others in the application of these articles. 

substrate: the original component to be modified. 

supplier: the company or entity taking responsibility for 

testing and qualifying a Repair System; usually the manu­
facturer, but possibly a provider of private-relabeled 

product. 

thermoset polymer: plastics that cannot be resoftened 
following polymerization. 
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401-A-2 GLOSSARY OF ACRONYMS 

401-A-2.l Organizations 

AP! 

ASME 

ASTM 

AWWA 

BS (BS!) 

COSHH 

CSWIP 

EN 

ISO 

OSHA 

American Petroleum Institute 

The American Society of Mechanical Engineers 

American Society for Testing and Materials 
(ASTM International) 

American Water Works Association 

British Standards Institute 

Control of Substances Hazardous to Health 

Certification Scheme for Welding Inspection 
Personnel 

European Standard (or Norme Europeenne) 

International Standards Organization 

Occupational Safety and Health 
Administration 

401-A-2.2 Terms 

DSC 

FRP 

HOT 

IDLH 

MAWP 

MOP 

MSDS 

NOT 

PD 

PVC 

SMYS 

UV 

Differential scanning calorimetry 

Fiber-reinforced plastic/polymer 

Heat distortion temperature 

Immediately dangerous to life or health 

Maximum allowable working pressure 

Maximum operating pressure 

Materials Safety Data Sheet 

Nondestructive testing 

Pressure directive 

Polyvinyl chloride 

Specified minimum yield strength 

Ultraviolet 
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Nonmandatory Appendix 401-B 
Recom mended Retesting for a Modified Qualified Repair System (22) 

DELETED 
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Article 402 
(22) Nonmetallic Com posite Repair Systems: Low-Risk Applications 

402-1 DESCRIPTION 

402-1.1 Scope 

402-1.1.1 Repair Requirements. This Article provides 

the requirements for the repair of low-risk components 

(e.g., pipework, pipelines, tanks, and vessels) using a qual­
ified Repair System. 

402-1.1.2 Definition of Repair System. The Repair 

System is defined as a combination of the following 

elements for which qual ification testing has been 
completed: 

(a) substrate (component) 
(b) surface preparation 

(c) composite material (repair laminate) 

(d} load transfer material (filler material) 
(e) primer layer adhesive (an adhesive used in some 

Repair Systems, attaching the composite laminate to 

the substrate) 
(f) application method (including sealing, coating, etc., 

as needed) 
(g) curing protocol 
(h) interlaminar adhesive for Repair Systems that 

utilize precured plies 

402-1.1.3 Allowed Materials. 

(a) The composite materials allowed for the Repair 

System are engineering fiber  (e .g . ,  carbon,  glass,  
aramid) reinforcements in a thermoset polymer matrix 
(e.g., polyester, polyurethane, phenolic, vinyl ester, or 

epoxy). 
(b J Structural fibers shall be continuous and not be 

randomly oriented. 

402-1.2 Applicability 

402-1.2.1 Example Applications. This Article is appli­
cable as follows: 

(a) the repair of pipework and pipelines originally 
designed in accordance with a variety of construction 
standards, including ASME 8 3 1 .1 ,  ASME 83 1 .3 ,  ASME 

831 .4, ASME 83 1 .8, ISO 13623, and ISO 15649 
(b} the repair of tanks originally designed in accor­

dance with a variety of construction standards, including 
AWWA 0100, AWWA 0 103, AP! 620, and AP! 650 
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(c) the repair of  pressure vessels designed in  accor­
dance with a variety of construction standards, including 
ASME BPVC and BS EN 1 3445 Standard 

402-1.2.2 Definition of Low Risk. Low-risk applica­
tions, for the purposes of this Article, are defined as 

those applications where all of the following apply: 

(a) nonhazardous or non-IDLH fluids 
(b} systems containing piping, tanks, and pressure 

vessels not critical to the safety of workers 
(c) less than 150 psig (1 MN/m2) 
(d) less than 120°F (50°C) 

(e) above 0°F (-20°C} 
(f) the leaking defect size, d, and design pressure, P, 

satisfy the following relationships: 

(1) p.jJ < 150 psig (in) 0·5 

(2) p.jJ < 0.16 MN/ml .S 
(3) the defect size shall be limited to d :5 0.25 x D 

402-1.2.3 Applicable Defects. The following types of 

defect may be repaired: 

(a) external corrosion 
(b) external damage 
(c) internal corrosion and/or erosion 
(d} leaks 

(e) manufacturing or fabrication defects 

402-1.3 Risk Assessment 

(a) A determination shall be made as to whether the 
repair is low risk, as defined in para. 402-1.2.2 . 

(b) The risk assessment should define the acceptable 
life of the repair. 

(c) An assessment of the risks associated with the 

defect and repair method should be completed. 

NOTE: See Article 401 for guidance in risk assessment. 

(d} The information and data describing any hazards 

shall be included in the risk assessment to be used on site. 
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402-1.4 Repair Life 

The specified repair life shall be defined by the risk 
assessment, and the achievable repair life will depend 

on the Repair System. 

NOTE: The useful service period of the Repair System for a spe­
cific application can be affected by external and environmental 
exposures, active internal corrosion/erosion, and external 
mechanical influences. 

402-2 LIMITATIONS 

402-2.1 Additional Requirements 

Part 1 of this Standard contains additional require­
ments and l imitations. This Article shall be used in 
conjunction with Part 1.  

402-2.2 Loading 

If other loads (e.g., bending, in-plane loads) are present 
within the repair area, in addition to those caused by 

internal pressure, then Article 401 shall be used. 

402-3 DESIGN 

402-3.1 Symbols 

These are the symbols used throughout this Article. 

D = component outside diameter, mm (in.) 

d = diameter (or diameter of the equivalent 
circle) of the defect or leaking region, mm (in.) 

d1 = design factor 

Ee = tensile modulus for the composite laminate in 
the circumferential direction, determined per 
Table 402-3.2-1, N/m2 (psi) 

HOT heat distortion temperature, determined per 
Table 402-3.2-1, °C (°F) 

L total axial repair length, mm (in.) 

Lctefect axial length of the defect, mm (in.) 

Lover 
Ltaper 

n 

overlap length, mm (in.) 

taper length, mm (in.) 
number of layers as determined by the rele­
vant repair design case 

nA minimum number of layers for Type A repairs 
(axial direction) 

n8 minimum number of layers for Type B repairs 

nH minimum number of layers for Type A repairs 

(hoop direction) 

P = repair design pressure, N/m2 (psi) 

Swa wrap axial tensile strength per ply per meter 

(per inch), determined per Table 402-3.2-1 

Swh wrap hoop tensile strength per ply per meter 
(per inch), determined per Table 402-3.2-1 

t = wall thickness of substrate, mm (in.) 
Td design temperature of Repair System, °C (°F) 
T9 = glass transition temperature, determined per 

Table 402-3.2-1, °C (°F) 
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402-3.2 Repair System Qualification Data 

(aJ Qualification of the Repair System shall  be 

completed in  accordance with Article 4 0 5 . Table 
4 0 2 - 3 . 2 - 1  l i s ts  r e q u i r e d  test  typ es ,  values ,  and 
methods for the Repair System. 

(bJ The Repair System supplier shall specify the 
following parameters: 

(lJ component material 

(2J surface preparation 

(3J repair laminate (polymer matrix and fiber rein-
forcement) 

(4J reinforcement orientation 

(SJ overlaps between neighboring wraps 
(6J overlaps between individual layers 

(7J filler material (dimensional restoration), if used 

(BJ adhesive/primer, if used 
(9J application instructions 

(cJ Any change in the above parameters to the Repair 
System shall constitute a new Repair System and require 
qualification. 

402-3.3 Additional Required Data 

(aJ The following data should be provided for each 

repair: 
(lJ lifetime requirements/expectation of the repair 

service life 

(2J required des ign and operating pressures/ 
temperatures 

(3J expected future service conditions 

(4J piping line identity 
(SJ description of the component, including material 

specification and wall thickness 
(6J strength per ply per thickness that may be calcu­

lated by the following relationship: 

Swa and Swh (psi per ply per in.) = 
load at failure of coupon, lb/cross-sectional area of coupon 

thickness of coupon/number of layers of coupon 

(b J The data used in the design shall be recorded. 
M andatory Appendix  4 0 2 - 1  s h o ul d  be uti l ized to 

display this information. 

402-3.4 Calculations 

(aJ The design of the repair laminate shall be carried 
out using the requirements in paras. 402-3.4.1 through 

402-3 .4.5 . There are two design cases: 
(lJ Type A Design Case. For components that are not 

leaking (requiring structural reinforcement only) . This 
shall be calculated for all repairs. 

(2J Type B Design Case. This shall be calculated for 

components that are leaking. 
(bJ A component shall be considered to be leaking ifthe 

wall thickness at any point of the affected area is expected 
to be less than 1 mm (0.04 in.) at the end of the repair life. 



Property 

Tensile strength 
(Swa• Swh) and tensile 
modulus (Ee) 
[Note (1)] 

Long-term lap shear 
performance 

Adhesion strength 

Hardness 

Glass transition 
temperature (T9) 

Heat distortion 
temperature (HOT) 
[Note (2)] 

NOTES: 
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Table 402-3.2-1 
Repair System Required Material and Performance Properties 

Test Type 

Mandatory 

Optional 

Mandatory 

Mandatory 

Mandatory or 
use HOT below 

Mandatory or 
use T9 above 

Detailed Properties 

Engineering Properties 

Tensile strength (s), 
modulus (£), Poisson's 
ratio (for leaking pipes 
and some design cases; 
strain to failure in both 
hoop and axial 
directions) 

Measurement of lap 
shear strength after 
1 000-h heat 
exposure 

Lap shear 
Leak sealing 

performance (optional) 

Physical Properties 

Barco! or Shore hardness 
data 

Glass transition 
temperature (T9) 

Heat distortion 
temperature (HOT) 

Minimum Values 

Strain to failure 
shall be > 1% 

30% of lap shear 
adhesion 
strength 

Mandatory Appendix 
405-Vll 

None 

None, except that 
this can determine 
the maximum 
operating temperature 
of the Repair System 

None, except that 
this can determine 
the maximum operating 
temperature of the 
Repair System 

Test Methods 

ISO 527, 
ASTM 03039 

Mandatory Appendix 405-11, 
section 405-11-3 

ASTM 03 165, 
BS EN 1465 

ASTM 02240, ASTM 02583, 
ISO 868, BS EN 59, BS 
2782 

ISO 11357-2, 
ASTM E831, 
ASTM E1640, 
ASTM 06604 

ISO 75, 
ASTM 0648 

(1) Swa and Swh are calculated from the coupons used in the test methods for qualifying the Repair System (see Article 405) .  
(2) For the matrix polymer (without the reinforcing fibers), use test methodASTM 0648 or ISO 75 to measure HOT under a load of l .82 MPa (264 

psi). As an alternative, when measuring HOT for reinforced polymers, the minimum load should be 18 MPa (2,640 psi). 

This should take account of active internal corrosion 
where applicable. 

(c) For nozzles, elbows, bends, reducers, and flanges, 

the repair thickness calculated in paras. 402-3.4.1 and 
402-3.4.2 shall be used. 

402-3.4.1 Type A Design Case 

(a) For hoop stresses due to internal pressure, the 

minimum number of wraps, nH, is given by 

PD 
nH = -- (1) 2djSwh 

where d1is set at 0.2 and Swh is taken from Table 402-3.2-1.  
(b) For any cases where the substrate wall thickness 

has been reduced by 50% or more, then the following 
calculation shall be made: 
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(2) 

(c) The design repair minimum required number of 

layers shall be the greater of the values determined. 
(d) For tees, the number of layers shall be twice the 

number determined in ( c). For pipe tee joints, the diameter 

of the larger pipe shall be used in the calculation. 

402-3.4.2 Type B Design Case 

(a) The number of wraps, n8, applied shall be that qual­

ified in Article 405. 
(b J For tees that are leaking, the number of layers shall 

b e  t h e  g r e a t e r  n u m b e r  o f  t h a t  d e t e r m i n e d  i n  
para. 402-3.4. 1 and n8. 
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402-3.4.3 Axial Length of Repair 

(aJ The design thickness of the repair laminate shall 
extend beyond the damaged region in the component 
by Lover-

Lover = 2.S,.}Dt/2 

(bJ Lover shall be at least 0.05 m (2 in.). 

(3) 

(cJ The ends of the repair may be tapered. A minimum 

taper length, Lraper- of approximately 5 : 1  should be used. 
(dJ The total axial length of the repair is given by 

L = 2Lover + Ldefect + 2Ltaper C4J 

(eJ The repair shall be centered over the defect. 

402-3.4.4 Environmental Compatibility. The suit­
ability of the Repair System for use in the service envi­
ronment specified by the owner shall be determined. 

402-3.4.5 Design Output 

(aJ The outputs of the design calculations of the repair 
laminate are the following: 

(lJ the number of layers, n, shall be determined by 
the appropriate design case specified in para. 402-3.4 (n 
shall not be less than 2) 

(2J total axial repair length, L 
(bJ The Repair System installer shall be provided with 

the following information: 
(lJ details of laminate lay-up, including number of 

layers, repair area to be covered, and orientation of indi­
vidual layers of reinforcement (this may be presented as a 

written description or a drawing incorporating standard 
details such as overlap and taper) 

(2J details  of surface preparation procedure, 

including method of application, equipment to be used, 
and inspection method 

(3J details of in-fill required to achieve a smooth 

outer profile prior to the application of the repair laminate 
(4J details of cure protocol 

402-3.5 Approval 

Designs of repairs according to this Article shall be 

undertaken by a technically competent person acceptable 
to the owner. 

402-4 FABRICATION (INSTALLATION) 

402-4.1 Storage Conditions 

(aJ Storage of material should comply with the 
supplier's instructions. 

(bJ The MSDS should be retained for reference. 

NOTE: The materials used will need to be stored and controlled 
according to national, state, or local safety regulations (e.g., OSHA 
or COSHH). 
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402-4.2 Materials of Construction 

(aJ The materials of construction shall be those for 

which the qualification and design have been completed. 
(bJ The Repair System manufacturer shall have a 

quality program in place, such as ISO 9001, that demon­

strates consistent and repeatable production quality. 
(cJ The quality program shall include batch testing of 

fibers and fabrics, polymers (resins and curing agents), 

and fillers. The frequency of sampling and the tests 
required shall be specified by the Repair System supplier. 

Batch testing may include tests such as 
(lJ physical properties of the fabric (e.g., mass per 

unit area) 
(2J tensile properties of the fibers 

(3J tensile properties of the composite 

(4J glass transition temperature of the polymer 
(SJ gel times of the polymer 

(6J compression strength of filler material 
(dJ Test results shall be retained or be retrievable by 

the Repair System supplier and be traceable by batch 
number. 

(eJ The Repair System supplier shall label Repair 

System materials  i s sued  with the rel evant batch 

number(s). 

402-4.3 Installer Qualifications 

Personnel involved in the installation of a Repair System 

shall be trained and qualified for that Repair System 
according to Mandatory Appendix 402-IV. 

402-4.4 Installation Guidance 

(aJ Repair System suppliers shall provide installation 

instructions. These instructions shall include (where 
appropriate) 

(lJ acceptable environmental conditions of site at 
time of repair 

(2J material storage 
(3J surface preparation 
(4J polymer mixing 

(SJ laminate lay-up 
(6J laminate consolidation 

(7J cure 
(BJ key hold points 

(bJ Further details of these requirements can be found 

in Mandatory Appendix 402-V. 
(cJ The key hold points that may be observed during a 

repair are summarized in Table 402-4.4-1.  
( dJ The results from the inspection of the repair lami­

nate shall meet the acceptance criteria of the design 

output. 
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Table 402-4.4-1 
Hold Points During Installation 

Hold Point 

Materials preparation 
o reinforcement 
o polymer 

Substrate surface preparation 
o inspection 

Filler profile 

Stage check on reinforcement lay-up 

Inspection of repair laminate 
o cure (hardness) 
o number of wraps (thickness) 
o dimensions and position 
o external inspection (see Table 402-5.2-1) 

Pressure test 

402-4.5 Live Repairs 

(a) Repairs to nonleaking, live component systems are 
possible, provided that the associated hazards are fully 

considered in the risk assessment for the operation. 
This should include any hazards to and from surrounding 

equipment in addition to the component being repaired. 

(b} The tensile (radial) stresses induced into the adhe­
sive bond as a result of the thermal contraction differences 
between the composite and component substrate upon 

the removal of live loads may be ignored. 

402-5 EXAMINATION 

402-5.l Introduction 

(a) This section provides guidance on the postinstalla­
tion/operational issues of Repair Systems. The installa­

tion of a Repair System will not adversely affect any 
internal inspections that may be carried out. 

(b} The inspection of the Repair System may include 
(1) cure (hardness) 

(2) number of wraps (thickness) 
(3) dimensions and position 
(4) examination for defects (see Table 402-5.2-1) 

(c) The basic structure of a composite repair in this 

context is illustrated in Figure 401-5.1-1.  

402-5.2 Defects Within the Repair System 

(a) The Repair System supplier shall provide postin­
stallation visual examination criteria. 

(b) Guidance on defects and allowable limits that are 

likely to be of importance are given in Table 402-5.2-1.  

(c) The installer shall take care to ensure that these 
defects are not formed during application of the Repair 

System. 
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402-5.3 Inspection Methods 

402-5.3.l Visual Inspection 

(a) The inspection of the repair (composite) laminate 
may be performed visually after installation. 

(b} The inspection of the bond quality between the 
repair laminate and substrate may be performed visually 
during installation. 

(c) The inspection of the substrate may be performed 

visually before installation of the repair (composite) lami­

nate. 

402-5.3.2 Hardness Test 

(a) Barco) hardness may be performed in accordance 
with Table 402-3.2-1 .  

(b} Shore hardness may be performed in  accordance 

with Table 402-3.2-1 .  

402-5.3.3 Tap Test 

(a) The tap test may be utilized to identify delamina­
tions and voids in the cured laminate, which sound hollow 

in comparison with a solid area. 
(b) In the tap test, the surface of the structure is tapped 

by hand using a hard, blunt object, such as a tapping 
hammer [less than 60 g (2 oz)],  a sounding wand, or a coin. 

NOTE: This method is often used as the first inspection method, 
which may be followed by other NOE techniques. 

402-5.3.4 Repair System Supplier Guidance. Refer to 
the Repair System supplier for guidance on methods for 

inspecting the Repair System. 

402-5.4 Repair of Defects Within the Repair 
System 

(a) Corrective actions shall be as specified by the 

Repair System supplier to address the defects identified 
in Table 402-5.2-1.  

(b) Repairs containing defects that exceed the limits in 

Table 4 0 2 - 5 . 2 - 1  should  b e  removed and reapplied. 
However, on agreement with the owner, local removal 

of the damaged area and reapplication of the Repair 
System materials to this area are allowable i f  the 
Repair System supplier can demonstrate that this will 
restore the full performance of the repair. 

402-6 SYSTEM PRESSURE TESTING 

(a) System pressure testing, if required, shall be speci­
fied by the owner. 

(b) All repairs shall be cured in accordance with the 

Repair System supplier instructions before pressure 
testing. 

(c) A pressure test ofnot less than 1.0 times the MAOP / 
MOP shall be performed. 
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Table 402-5.2-1 
Defect Type and Allowable Limits for the Composite Repair 

Repair Section 

Repair materials and substrate 
component prior to repair 
application 

Interface 

Polymer-rich layer 

Composite laminate 

Defect 

Check that the materials are those 
specified by the design output 

Changes in geometry 

Substrate surface preparation 

Surface temperature 

Defect 

Location of repair 

Delamination/disbonding 

Cracks 

Foreign matter, blisters, and pits 

Wrinkles 

Pin holes 

Polymer color 

Dry spots 

Fiber orientation 

Unimpregnated/dry fiber 

Exposed, cut edges/fibers 

Foreign matter 

Axial extent and positioning of the repair 
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Allowable Limits 

Repair area to be free of sharp changes in 
geometry [all radii < 5 mm (0.2 in.)), or 
sharp geometry to be smoothed (filler/ 
contour material) 

In accordance with Repair System specification 

Axial extent to be in accordance with design 

In accordance with repair design 

Dimensions do not exceed those for 
which the repair has been designed 

Defect nature to be that for which 
the repair has been designed 

Axial extent and positioning to be in 
accordance with design 

Tap test may indicate presence of delamination 
or disbonding 

None exist at ends of repair 

None (check adhesive fillets) 

Maximum 10 mm (0.4 in.) in width, 2.5 mm (0.1 
in.) in height 

No step changes in thickness greater than 2.5 mm 
(0.1 in.) in height 

None deeper than polymer-rich layer 

Uniform 

None 

As specified in design 

None 

None 

None 

As specified in the design 

Does not extend beyond prepared surface 
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{d} A pressure test may be performed for a reasonable 
period of time to capture other potential Repair System 

conditions. 
(e) If the test pressure exceeds the pressure for which 

the Repair System has been designed, then this higher 
pressure shall be considered as a separate design case. 

For the purposes of the calculation, the test condition 
may be treated as an occasional load. 

(f) Any signs of leakage or indication ofrepair laminate 

failure shall be cause for rejection of the repair. 
[g) See Article 501  for additional guidance on pressure 

testing. 

402-7 REFERENCES 

402-7.1 Referenced Codes and Standards 

The following is a list of publications referenced in this 
Article. 

AP! 579-1/ ASME FFS-1-2016, Fitness-For-Service 

AP! 620-2014, Design and Construction of Large, Welded, 
Low-pressure Storage Tanks 

AP! 650-2016, Welded Steel Tanks for Fuel Storage 
Publisher: American Petroleum Institute (API) ,  2 0 0  

Massachusetts Avenue NW, Suite 1 100, Washington, 

DC 20001-5571 (www.api.org) 

ASME Boiler and Pressure Vessel Code 

ASME B31 .1-2016, Power Piping 

ASME B3 1.3-2016, Process Piping 
ASME PCC-2-20 15, Repair of Pressure Equipment and 

Piping 
Publisher: The American Society of Mechanical Engineers 

(ASME), Two Park Avenue, New York, NY 10016-5990 
( www.asme.org) 

ASTM D648-2016, Standard Test Method for Deflection 
Temperature of Plastics Under Flexural Load in the 

Edgewise Position 
ASTM D2240-2015, Standard Test Method for Rubber 

Property - Durometer Hardness 
ASTM D2583-2013a, Standard Test Method for Indenta­

tion Hardness of Rigid Plastics by Means of a Barcol 
Impressor 

ASTM D3165-2007 (R2014), Standard Test Method for 
Stre ngth P r o p e rt ies  o f  Adhes ives i n  Shear  by 

Tension Loading of Single-Lap-Joint Laminated Assem­

blies 

Publisher: American Society for Testing and Materials 
(ASTM International}, 100  Barr H arbor Drive, P.O. 
Box C 7 00 ,  West Co nshohocken, PA 1 9 4 2 8 - 2 9 5 9  

( www.astm.org) 

AWWA C200-12, Standard for Steel Water Pipe 6 in. (150 

mm) and Larger 
AWWA C300- 1 1, Reinforced Concrete Pressure Pipe, 

Steel-Cylinder Type 
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AWWA C301- 14, Prestressed Concrete Pressure Pipe, 
Steel-Cylinder Type 

AWWA C 3 0 2 - 1 1 ,  Reinforced Concrete Pressure Pipe, 
Noncylinder Type 

AWWA C303-08, Concrete Pressure Pipe, Bar-Wrapped, 

Steel Cylinder Type 
AWWA C400-03 (W), Asbestos-Cement Pressure Pipe 4 

in.-16 in. (100 mm-400 mm) for Water Distribution 

Systems 
AWWA C402-05 (W), Asbestos-Cement Transmission 

Pipe, 18 in. Through 42 in. (450 mm Through 1 050 
mm) for Water Supply Service 

AWWA Dl00- 1 1, Welded Steel Tanks for Water Storage 
AWWA D103-09, Factory Coated Bolted Steel Tanks for 

Water Storage 

Publisher: American Water Works Association (AWWA}, 
6 6 6 6  West Quincy Avenue,  D e nver,  C O  8 0 2 3 5  

( www.awwa.org) 

BS EN 59 :1977, Measurement of hardness by means of a 

Barcol impressor 
BS EN 1465:2009, Adhesives - Determination of tensile 

lap shear strength of rigid to rigid bonded assemblies 

BS EN 1312 1-2 :2003, GRP tanks and vessels for use above 

ground - Part 2 :  Composite materials - Chemical 
resistance 

BS EN 1 3 1 2 1-3 :2008(2010), GRP tanks and vessels for use 
above ground - Part 3: Design and workmanship 

BS EN 1 3445 :2012, Unfired Pressure Vessels 

PD 5500:2012, Unfired fusion welded pressure vessels 

Publisher: British Standards Institution, Inc. (BS!}, 12950 
Worldgate Drive, Suite 800,  H erndon, VA 2 0 1 7 0  
( www.bsigroup.com) 

ISO 75-1 :2013,  Plastics - Determination of temperature 
of deflection under load - Part 1: General test method 

ISO 527-1 :2012, Plastics - Determination of tensile prop­
erties - Part 1: General principles 

ISO 52 7-2:2012, Plastics - Determination of tensile prop­
erties - Part 2: Test conditions for moulding and extru­

sion plastics 
ISO 868:2003, Plastics and ebonite - Determination of 

indentation hardness by means of a durometer 

(Shore hardness) 
ISO 1 1 3 57-2 :2013, Plastics - Differential scanning calori­

metry (DSC) - Part 2: Determination of glass transition 
temperature and glass transition step height 

ISO 1 3623 :2009, Petroleum and natural gas industries -

Pipeline transportation systems 
ISO 1 5649:2001, Petroleum and natural gas industries -

Piping 
Publisher: International Organization for Standardization 

(ISO), Central Secretariat, Chemin de Blandonnet 8, Case 

Postale 40 1 ,  1 2 1 4  Vernier, Geneva, Switzerland 

(www.iso.org) 
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402-7.2 Related Codes and Standards 

The following are related codes and standards. Unless 
otherwise specified, the latest edition available may be 

used. 

ASME B 3 1 G, Manual for Determining the Remaining 

Strength of Corroded Pipelines: Supplement to ASME 

B31 Code for Pressure Piping 
Publisher: The American Society of Mechanical Engineers 

(ASME), Two Park Avenue, New York, NY 10016-5990 

( www.asme.org) 

ASTM D 1 599, Standard Test Method for Short Time 
Hydraulic Failure Pressure of Plastic P ipe, Tubing 
and Fittings 

ASTM D3039, Standard Test Method for Tensile Proper­

ties of Polymer Matrix Composite Materials 
ASTM D3681, Standard Test Method for Chemical Resis­

tance of Fiberglass (Glass-Fiber-Reinforced Thermoset­

ting Resin) Pipe in a Deflected Condition 
ASTM D5379, Standard Test Method for Shear Properties 

of Composite Materials by the V-Notched Beam Method 
ASTM D6604, Standard Practice for Glass Transition 

Temperatures of Hydrocarbon Resins by Differential 
Scanning Calorimetry 

ASTM E 8 3 1, Standard Test Method for Linear Thermal 

Expansion of Solid Materials by Thermomechanical 

Analysis 
ASTM E1640, Standard Test Method for Assignment of the 

Glass Transition Temperature by Dynamic Mechanical 
Analysis 
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Publisher: American Society for Testing and Materials 
(ASTM International), 100  Barr Harbor Drive, P .O .  

B o x  C 7 0 0 ,  West Conshohocken,  PA 1 9 4 2 8 - 2 9 5 9  
( www.astm.org) 

BS  EN 59:1977, Measurement of hardness by means of a 
Barco) impressor 

BS EN 1465:2009, Adhesives - Determination of tensile 

lap shear strength of rigid to rigid bonded assemblies 
BS 7910, Guide to methods for assessing the acceptability 

of flaws in metallic structures 

Publisher: British Standards Institution, Inc. (BSI), 12950 
Worldgate Drive, S uite 800, Herndon, VA 2 0 1 7 0  
( www.bsigroup.com) 

ISO 8501, Preparation of steel substrates before applica­

tion of paints and related products 
ISO 8502, Tests for the assessment of steel cleanliness 
I S O  8503 ,  Surface roughness characteristics of blast 

cleaned steel substrates 
ISO 8504, Surface preparation methods 

ISO 10952, Plastics piping systems - Glass-reinforced 
thermosetting plastics (GRP) pipes and fittings -

Determination of the resistance to chemical attack 
from the inside of a section in a deflected condition 

I S O  1 1 3 59-2,  Plastics - Thermomechanical Analysis 
(TMA) - Part 2 :  D etermination of coefficient of 
linear thermal expansion and glass transition tempera­

ture 
Publisher: International Organization for Standardization 

(ISO), Central Secretariat, Chemin de Blandonnet 8, Case 

Postale 40 1 ,  1 2 1 4  Vernier, Geneva, Switzerland 
( www.iso.org) 
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Mandatory Appendix 402-1  
Repair Data Sheet 

This Appendix provides an example of a design data 
sheet as referenced in para. 402-3.3 . 
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Repair Data Sheet 

Job Reference 

Component Details 

Component identification 

Material I g rade 

External d iameter 

Wal l  th ickness 

Component contents 

Operating temperature M i n i m u m  I I 
Pressure Operat ing I Design I 
Repair Requirements (see para. 402-1 .2) 
Repair  type e.g. ,  A ( nonleaking) or B ( leaki ng) 

Repair  design pressure, P 

Repair Specification 

Nature of defect 

Defect length, I 
Defect size used i n  Diameter Depth 
design,  d 
Cause of defect Corrosion Erosion 

Location External Internal 

Leaking Y or N 

Position on component 
(e .g . ,  6 o'clock) 

Conditions During Implementation of Repair 

Component temperature 

Ambient temperature 

Humid ity 

External environ ment 

Constraints 

Details of Repair Applied 

Nu mber of layers 

Length of repair 

Repair Materials 

Man ufacturer 

Batch n u m ber 

I nsta 1 1  ed date 

Insta l led t ime 

Installer 

Name 
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Max i m u m  I 
Test I Com ments 

Date: _____ _ 
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Mandatory Appendix 402- 1 1  
Qualification Data for Repair System 

DELETED 
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Mandatory Appendix 402-1 1 1  
Validation for Repair of Leaking Component 

DELETED 
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Mandatory Appendix 402-IV 
Installer Qualification 

402- IV-l I NTRODUCTION 

(a) The repair of components using composite lami­

nates differs considerably from other repair techniques 
and the quality of the installation depends strongly on 
satisfactory craftsmanship. 

(1) Training and qualification of personnel are there­
fore key elements of a successful repair. 

(2) This Appendix outlines the requirements for 

training, qualification, and approval of installers and 
supervisors/trainers. 

(b) Supervisors and trainers shall have the same quali­

fication requirements but may hold different positions 
within the organization of the Repair System vendor. 

402-IV-2 TRAINING 

(a) Courses and training shall be  arranged by or  with 

the assistance of the Repair System supplier. 

(b) Training shall give a theoretical and practical intro­

duction to the most important elements in the installation 

of the Repair System. 

402- IV-2.l Coursework (Installer) 

(a) The course shall include training in: 
(1) definition of a Repair System 

(2) terminology, types of repair 
(3) hazards associated with pressurized systems 
(4) health, safety, and environment 

(5) surface preparation 
(6) material preparation 

(7) material application 

(8) control of repair conditions 
(9) quality control 
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(b) A written test covering the above subjects shall be 
taken and passed by the installer. 

402- IV-2.2 Coursework (Supervisor/Trainer) 

(a) The supervisor /trainer shall be a qualified installer. 
(b) The superv isor/tra i n e r  shal l  complete  the 

following additional training: 
(1) supervisor's/trainer's duties and responsibilities 

(2) evaluation methods used in repair design 
(3) health and safety 
(4) installation checklist and hold points 
(5) inspection of repairs 

(c) A written test covering the above subjects shall be 
taken and passed by the supervisor /trainer. 

402- IV-2.3 Installer-Specific Qualification 

(a) Installers shall be qualified for each specific Repair 
System through practical tests for Type A and/or Type B. 

(b) All specific approval tests shall be carried out in 
accordance with relevant installation procedures. 

(c) Repair shall pass visual inspection completed in 

accordance with para. 402-5.2 witnessed by a supervisor 
or instructor. 

402-IV-3 TRAINING RECORDS 

The employer of the Repair System installers and super­
visors/trainers shall keep records of their training. 

402- IV-4 QUALI FICATION PERIOD 

The installer qualification shall remain valid for a period 
of 1 yr following the installation of the last successful 

repair. 
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Mandatory Appendix 402-V 
I nstallation 

402-V-l I NTRODUCTION 

(a) Repair System suppliers shall provide full installa­

tion instructions. 
(b} The requirements given in the following sections 

are intended to complement those given by Repair 

System suppliers and specify the key operations necessary 
for a successful repair. 

(c) In the event of conflict, the Repair System supplier 

should be contacted for clarification. 

402-V-2 SURFACE PREPARATION 

(a) The surface preparation shall extend at least over 
the whole surface onto which the repair laminate is to be 

applied and be in accordance with the specific Repair 
System. 

(b) Assessment of the prepared surface for roughness 

and cleanliness should be provided by the Repair System 

supplier. The specified surface preparation technique 
shall not be replaced by another, without explicit guidance 

from the Repair System supplier, who shall have qualified 
the alternative as part of a different Repair System. 

(c) Any chemicals used for surface preparation shall be 
within the recommended shelf life, freshly mixed (where 
appropriate). 

( d) The time period between surface preparation and 

initial coating/laminate application should be as short as 
possible (e.g., to avoid formation of flash corrosion). 

(e) Prepared surfaces shall be protected from contam­

ination prior to the application of the repair laminate. 
Deterioration of the prepared surface should be cause 

for rejection and the surface preparation procedure 

repeated. 

402-V-3 LAMI NATE LAY-UP 

The specific Repair System may need to include instruc-
tions for 

(a) infill compounds 
(b} primer application 

(c) polymer /load transfer material (if needed}/primer 
layer (if needed) preparation 

(d) reinforcement orientation 
(e) overlaps between neighboring layers 

(f) overlaps between individual layers 
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(g) consolidation of the layers 

(h J finishing layer/ coating (top coat) 
(i) taper details (see para. 402-3.4.5) 

402-V-4 CURE 

(a) Since the cure ofa repair laminate may be strongly 

influenced by temperature and the correct mixing of 
polymer constituents prior to lamination, the limits set 
by Repair  System suppl ier  shal l  not be exceeded 

without approval from the Repair System supplier. 
(b) The time for full cure is dependent on the type of 

polymer used in the repair and ambient conditions. 
(c) If the component pressure has been reduced prior 

to repair, then the repaired component shall not be 
returned to its normal operating pressure until satisfac­

tory cure has been achieved. 

402-V-5 DOCUMENTATION 

(a) A record for each repair should be made and 

retained for the repair life. 
(b} A unique identifier should be assigned to each 

repair. 
(c) The records that should be kept include the 

following: 

(1) Design Records 
(-a) layers and orientation of reinforcement 
(-b} preparation procedure 

(-c) cure protocol 

(-d) postcure 
(-e) number of layers 
(-j) axial extent of repair 
(-g) design data (Mandatory Appendix 402-1) and 

calculations 

(-h) location of repair 

(2) Material Records 
(-a) Repair System supplier 
(-b) polymer type and quantity 
(-c) reinforcement type and quantity 

(-d} batch numbers for materials 
(3) Quality Control Records 

(-a) repair reference number 
(-b) visual inspection report (see Table 402-5.2-1) 
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(-c) thickness measurement 
(-d) repair dimensions 

(-e) qualification for personnel completing the 
installation 
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(-f) Barco! or Shore hardness measurement (if 
specified) 
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Non mandatory Appendix 402-A 
Glossary of Terms and Acronyms 

402-A-l GLOSSARY OF TERMS 

Barco/ hardness: measure of surface hardness using a 
surface impressor. 

batch: a quantity of a material that is produced in a single 
production run or single cycle of manufacture. A batch 

may be divided into one or more lots. 

composite: a thermoset plastic (polymer) that is reinforced 
by fibers. 

cure or curing: process of hardening a thermosetting 

polymer by an irreversible chemical reaction. 

delamination: separation of layers within a composite 

laminate. 

differential scanning calorimetry (DSC): method of deter­

mining the glass transition temperature of a thermoset­
ting polymer. 

disbandment: separation of the laminate from the 

substrate (pipe). 

glass transition temperature: temperature at which a 
polymer undergoes a marked change in physical proper­

ties. 

hardener: component added to a resin to affect cure of the 
thermoset polymer. 

heat distortion temperature: temperature at which a stan­
dard test bar deflects a specified amount under a given 

load. 

infill material: material used to repair external surface 
imperfections prior to the application of composite wrap. 

laminate: the part of a Repair System that is the composite. 
Most composites considered in this document are 

composed of  discrete lamina or  layers, which are 

wrapped or  stacked, one on top of  the other .  This  
stacked construction is  the "laminate." 

leak: this does not refer to a fluid leaking through a hole or 
breach in the pipe. Rather, this refers to a condition of a 
pipe (substrate) wall that could or does allow the contents 

2 3 1  

of a pipe to make contact with and act directly upon the 

(composite) repair laminate. 

owner: the company or entity that owns or is responsible 
for the pipe substrate being repaired. 

pipeline: pipe with components (e .g., bends, flanges, 
valves) subject to the same design conditions and typically 

used to transport fluids between plants, usually buried. 

pipework: interconnected piping subject to the same set or 

sets of design conditions. 

piping: assemblies of piping components (e.g., pipe, 

fittings,  flanges,  gaskets, bolting, valves) used to 
convey fluids within a plant, often above ground but some­

times buried. 

ply: a single wrap or layer (lamina) of a repair laminate. 

polymer system: all of the components that make up the 

matrix (plastic or polymer) portion of a composite. Often 
this is a resin, filler(s), pigment, mechanical property 

modifiers, and catalyst or hardener. 

reinforcement: a high-strength fiber imbedded in the 

polymer, resulting in mechanical properties superior to 
those of the base polymer. 

risk: a term encompassing what can happen (scenario), its 
likelihood (probability}, and its level of damage (conse­

quences). 

Shore hardness: measure of surface hardness using a 
surface impressor or durometer. 

substrate: the original pipe or pipe componentto be modi­
fied. 

supplier: the company or entity taking responsibility for 
testing and qualifying a Repair System; usually the manu­
facturer, but possibly a provider of private-relabeled 

product. 

thermoset polymer: these are plastics that cannot be re­
softened following polymerization. 
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402-A-2 GLOSSARY OF ACRONYMS 

402-A-2.l Organizations 

AP! 

ASME 

ASTM 

AWWA 

BS (BS!) 

ISO 

OSHA 

American Petroleum Institute 

The American Society of Mechanical Engineers 

American Society for Testing and Materials (ASTM 
International) 

American Water Works Association 

The British Standards Institute 

International Organization for Standardization 

Occupational Safety and Health Administration 
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402-A-2.2 Terms 

BPVC 

COSHH 

DSC 

EN 

FRP 

HOT 

IDLH 

MSDS 

(ASME) Boiler and Pressure Vessel Code 

Control of Substances Hazardous to Health 

Differential Scanning Calorimetry 

European Standard (or Norme Europeenne)1 

Fiber-reinforced plastic/polymer 

Heat distortion temperature 

Immediately dangerous to life or health 

Materials Safety Data Sheet 

1 The EN standards are published in various languages (e.g., BS! 
publishes the English version). 
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Article 403 
Nonmetallic I nternal Lining for Pipe: 

Sprayed Form for Buried Pipe 

403-1 DESCRIPTION 

403-1.1 Background 

This Article concerns the use of thermoset polymers as 
protective or structural lining for buried pipe when 

applied in a sprayed form (see Figure 403-1 .1 -1) .  The 
pipe can be steel, cast iron, concrete, or other materials, 

located below ground/buried, and with/without liners 
(e.g., cement, paint). When using thermoset polymers, 
the repair is commonly called cured-in-place pipe 
(CIPP) .  This Article does not apply to aboveground 

piping, pumps, valves, tanks, or pressure vessels. 
Use of CIPP repair methods can provide added struc­

tural strength, increased chemical and abrasion resis­
tance, reduced infiltration and exfiltration, and reduced 
pipeline flow resistance. This repair method is particularly 

useful for buried piping greater than 600 mm (24 in.) in 

diameter. 
The sprayed-form application of nonmetallic internal 

lining can be considered the in-place formation of a 

composite pipe. 

Epoxies are perhaps the best of the thermoset polymers 

for buried pipe rehabilitation due to their versatility, 
strength, adherence to the host pipe, low coefficient of 
friction, and chemical and abrasion resistance. 

403-1.2 Advantages 

Properly applied onto the inside of the host pipe, the 
polymer adheres well to the pipe and becomes part of a 
composite system (polymer lining plus the host pipe). The 

polymer can be reinforced with chopped fiber (e.g., glass, 
carbon), fiber cloth, preimpregnated carbon, or pultruded 
carbon, thereby making the composite pipe much 

stronger. The polymer spray-form Repair System can 
be used manually for patching portions of the buried 

pipe instead of the entire buried pipe. It is relatively 

easy to apply where the pipe size permits man entry. 

403-1.3 Disadvantages 

This repair method is more difficult to apply for buried 
pipe less than DN 600 (NPS 24) in diameter, since manned 

pipe entry and spraying is practically impossible for in­
dividuals of typical size. There is the possibility of applying 
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the sprayed-form Repair System in  small pipes by remo­
tely-operated robots. This is available for specialized 
applications. 

403-2 CAUTIONS AND LIMITATIONS 

403-2.1 General 

Part 1 of this Standard contains additional require­
m ents and limitations. This Article shall be used in 

conjunction with Part 1. 

403-2.2 Application Temperature Limitations 

The thermoset polymer's maximum and minimum 
design temperature limitations shall be considered for 
the specific application, since the material properties 

are substantially affected above the glass transition 

temperature, T9, or heat distortion temperature, T HDT· 
403-2.3 Operating Temperature Limitations 

The thermoset polymer's maximum and minimum 
operating temperature shall be considered for the specific 
application, since the polymer's performance depends 

greatly on its composition. Beyond that temperature 

range, the service life of this repair method can be substan­
tially shortened. 

403-2.4 Application Humidity Limitations 

The thermoset polymer's bond to the pipe substrate is 
a ffected by application humidity. The application 
humidity requirements shall be identified 

[a) for polymers that use solvents for the application 
process, since humidity can affect the drying process. 

(b J for applications that need high bond strength to the 
pipe substrate, since high humidity can cause rapid oxida­
tion (i.e., flash rust). This is a particularly important pa­
rameter for aluminum and iron pipe. 

Thus, humidity within the application area needs to be 

controlled as recommended by the manufacturer. 
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Figure 403-1.1-1 
Structural Liner in Raw Water System 

403-2.5 Application Surface Limitations 

The effective formation of a composite pipe requires 
that the lining adhere to the host pipe. The lining adher­

ence is sensitive to the surface cleanliness and the surface 
profile. 

403-2.6 Application Curing Limitations 

The curing for thermoset polymers is time and tempera­

ture sensitive. The curing process at lower application 
temperatures may require auxiliary heat to avoid ex­

tremely long cure times. 

403-3 DESIGN 

403-3.1 General Design Considerations 

There are three design application categories for CIPP 
repair. 

(a) Design Application Category A - pipe corrosion 

protection l iner from the contained fluid (nonload 
bearing) 

(1) This CIPP application is assumed to carry no 
system loads. 
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(2) The l iner shall be sized to provide protective 
barrier against further degradation. 

(b} Design Application Category B - load-bearing 

member for a system within a partially deteriorated 
buried pipe 

(1) This Article applies to continuously supported 

buried piping systems where the degraded host pipe 
still has sufficient strength to carry a portion of the 

soil, surface, and internal pressure loads. 
(2) The liner shall be sized to resist the external 

groundwater hydrostatic load. 
(c) Design Application Category C - load-bearing 

member  fo r a system within a fully deterio rated 
buried pipe 

(1) This Article applies when the buried host pipe 

has insufficient structural capacity to carry the soil, 
surface, and pressure loads and serves only as a form 

for CIPP application. 
(2) The liner shall be sized to handle all applicable 

loads. 
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403-3.2 Types of Sprayed Form 

403-3.2.l Polymer System. The sprayed-form Repair 
System shall consist of polymer application, with or 

without reinforcing fiber. The reinforcing fiber may be 
chopped, cloth, partially cured, or pultruded materials. 
The sprayed form may use a variety of reinforcing 
fibers  (e .g . ,  g lass ,  carbon,  Kevlar) . Typ i cal ly, the 

p olymer res in  and curing agent i s  mixed on-s ite, 
pumped through a spray nozzle, and applied directly 

to the internal pipe surface being protected or reinforced. 
The polymer may be mixed manually, the fiber wetted 

manually, and the combination polymer-fiber matrix 

applied manually to the pipe 1.0. 

403-3.2.2 CIPP Design Variables. The CIPP design 

shall consider the following for the specific application: 
(a) system exposure (e.g., acids, solvents, water) 

(b} operating temperatures (maximum, minimum, and 
range) 

(c) coefficients of thermal expansion 

(d} modulus of elasticity 
(e) tensile strength 

403-3.3 Piping Degradation Cases 

Paragraphs 403-3 .3 .1 through 403-3 .3 .5 provide the 

recommended design application category that should 

be used with the five degradation case scenarios. Alter­
natively, fitness-for-service standards (such as AP! 5 79-1/ 

ASME FFS-1 or ASME B3 1G) may be used to determine if 
other design application categories may be employed, or if 

repairs are even necessary. 

403-3 .3.l Piping Degradation, Case #1. Internal 
corrosion has not yet occurred or has penetrated less 

than the depth of the accepted corrosion allowance. In 
this case, the host pipe meets all of  the necessary 

design requirements. The application of a protective 
CIPP lining may extend the satisfactory design life of 
the host pipe for the l ife of the plant. This case is a 
good candidate for design application Category A 

403-3.3.2 Piping Degradation, Case #2. Internal 
corrosion is very localized, such as pitting corrosion. 

Some pinhole leaks may be evident. With the exception 

of these small areas, the host pipe has not lost its corrosion 
allowance. The losses in these small areas do not affect the 

general overall strength of the host pipe and do not indi­
cate any near-term impending failure. The repair of these 

locally corroded areas will allow the host pipe to remain 

satisfactory until the next required inspection. This case is 
a good candidate for design application Category B. 

403-3.3.3 Piping Degradation ,  Case #3. There is 
severe corrosion, limited to short lengths or sections 

of host pipe. This general corrosion might have been 
caused by loss or damage to the original liner, flaws in 
the host pipe, poorly controlled weld material, or loss 
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of cathodic protection. The losses due to this generalized 
corrosion are greater than the corrosion allowance and 

some degree of failure of the host pipe might be imminent. 
This case is a good candidate for design application Cate­
gory B. 

403-3.3.4 Piping Degradation, Case #4. There is 
significant generalized internal corrosion. The host 

pipe has lost all or most of its corrosion allowance. 
The host pipe still maintains the majority of its required 

strength and is under no immediate danger of catastrophic 
failure. This case is a good candidate for design application 

Category B or Category C. 

403-3.3.5 Piping Degradation ,  Case #5. There is 
severe generalized corrosion, either internal or external 

or both. The host pipe is in immediate danger of failure. 
The host pipe can no longer be expected to carry the 

majority of the design loads. The host pipe may continue 
to undergo external corrosion even if a CIPP liner is 

installed. This Case is a good candidate for design applica­
tion Category C. 

403-3.4 Material Considerations 

(a) This Article typically applies to thermoset polymers 

that may have reinforcing fiber. 
(b) The thickness of the applied thermoset polymer 

(and amount/type of reinforcing fiber) shall depend on 
whether the material is to provide protective lining to 

pipe (design appl ication Category A),  structurally 

augment the partially deteriorated host pipe (design 

application Category B), or carry all the design loads of 
the pipe (design application Category C). 

(c) Polymer mixing ratios, setting time, and curing time 
shall comply with the manufacturer's specifications. 

403-3.5 Material Property Determination 

(a) The design l ife and the maximum/minimum 

temperatures to which CIPP will be exposed over that 
design life for all anticipated loading conditions shall 

be specified. Material properties shall be provided by 
the manufacturer. Normally the Manufacturer has a 
variety of thermoset polymers to fit the application's 

needs. 
(b} Material testing is addressed in para. 403-5.2 . 
(c) A time-temperature-corrected flexural modulus of 

elasticity shall be determined in accordance with ASTM 

0790 or ISO 178 using the maximum temperature and 
design life from para. 403-3.6.1.  

( d) A time-temperature-corrected ultimate tensile 

strength shall be determined in accordance with ASTM 
0638, ASTM 0 3 039, or ISO 5 2 7  using the maximum/ 

m i n i m u m  t e m p e r a t u r e  a n d  d e s i g n  l i fe fr o m  
para. 403-3.6.1 .  



ASME PCC-2-2022 

[e) The long-term creep performance of the material 
may be determined in accordance with ASTM 02990 

or  BS EN 899-2. 
[f) The coeffic ient of  thermal expansion for the 

m a x i m u m  a n d  m i n i m u m  t e m p e r a t u r e s  fr o m  
para. 403-3.6.1 shall be determined in accordance with 

ASTM 0696, ASTM E83 1, or ISO 1 1 3 59. 

[g) The pull-off strength (adhesion) may be deter­
mined in accordance with ASTM 03983. 

{h) The lap shear strength may be determined in accor­
dance with ASTM 03 165 or BS EN 1465. 

(i) The peel or stripping strength may be determined in 

accordance with ASTM 0903. 
OJ The abrasion resistance may be determined in 

accordance with ASTM 04060 or CS 17. 

[k) The impact strength may be determined in accor­
dance with ASTM G 14. 

403-3.6 Specific Design Requirements 

403-3.6.l Design Thickness. The design thickness of 

the CIPP is a function of the polymer, reinforcing material, 
and design application category (A, B, or C). The antici­
pated or postulated loads shall be specified in the 

design specification for the piping system modifications. 

403-3.6.2 Design Specification Required Loads. The 

design specification shall address the following loads: 
(a) Design for Internal Fluid Pressure. Internal pressure 

is typically the first design consideration for buried pipe. 

Having selected a pipe material and diameter compatible 

with the required flow, the designer calculates the 
minimum wall thickness required to safely sustain the 

design pressure at the design temperature. The equation 
used to calculate the wall thickness of buried piping is 
specified in the code or standard applicable to the 

service (see section 403-7 for references). In all cases, 
the intent of the equation for wall thickness is to limit 
the hoop stress in the host pipe (original design), compo­

site pipe, or CIPP to a fraction of the material's specified 

minimum yield or ultimate strength. The form of the equa­
tion for the original design varies with the applicable code 

and pipe material, but it is not different than the above­
ground pressure design equation (pipe wall is sized the 

same way for underground and above-ground service). 
For design application Categories B and C, the CIPP 

shall accommodate the system design pressure. See 
Mandatory Appendix 403-I  for applicable equations for 

CIPP. 
(b) Design for Soil Loads. Soil loads are an important 

consideration for pipes made of rigid and non ductile mate­

rials such as concrete or cast iron and pipes with large D/t 
such as encountered in civil engineering applications. 
Conversely, earth loads are rarely quantified for pressure 

piping made of ductile materials such as steel or polyethy­

lene. For design application Category C, the CIPP shall 
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withstand the soil load. See Mandatory Appendix 403-I 
for applicable equations for CIPP. 

(c) Design for Surface Loads. The effect of heavy surface 
loads, such as highway or railroad traffic or structures 
built above the buried pipe, decreases as the square of 

the height of soil covers . This is often controlled by 
providing a minimum depth of cover above the pipe. 
Minimum depths of cover are specified by codes and stan­
dards and should be verified by analysis for particularly 

heavy surface loads. For design application Category C, the 
C I P P  s h a l l  w i t h s t a n d  t h e  s u r fa c e  l o a d .  S e e  
Mandatory Appendix 403-I for applicable equations for 

CIPP. 
(d) Design for Temperature Change. Buried pipelines 

are often operated at temperatures that are not signifi­

cantly above the surrounding soil temperature. If there 

is no differential expansion between the soil and the 
pipe, then a thermal analysis is not required. In cases 

where the fluid is hot, compressive and bending stresses 

are generated as the pipe expansion is restrained by the 
surrounding soil, unless a mineral fiber cushion (or 
equivalent) has been wrapped around elbows and 

b e n d s  t o  p e r m i t  t h e r m a l  e x p a n s i o n .  S e e  
Mandatory Appendix 403-I for applicable equations for 
CIPP. 

403-3.6.3 Design Specification Optional Loads. The 

design specification should consider the following loads: 
[a) Design for Water Hammer. The response of a buried 

pipe to water hammer differs from the behavior of above 

ground piping, since the pipe is restrained by soil that 
limits its movements and bending moments. Under the 
excessive hoop stresses from the pressure pulses that 

accompany wate r hammer, fi tting, valve, o r  pipe 
rupture is possible. 

{b) Design for Seismic Loads. In practice, the design of 

buried pipe for seismic loads is limited to critical applica­
tions in earthquake-prone areas. An earthquake may 
affect the integrity of a buried pipe in two possible 
ways: through wave passage (transient ground deforma­

tion) or permanent ground deformation. Failures in 
welded steel pipes are more often due to soil failures 

(liquefaction, landslides, fault movement) rather than 

the transient passage of seismic waves. 
[c) Design for Other Loads. Other applicable loads 

should be considered (i.e., abrasion, impact) . 

403-4 FABRICATION (INSTALLATION) 

403-4.1 Host Pipe Examination and Preparation 

403-4.1.l Soundness Examination. A soundness ex­
amination shall be performed to determine the design 
condition of the host pipe, i.e., partially or fully deterio­

rated. 

403-4.1.2 Safe Working Conditions. Safe working con­
ditions shall be established through 
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(a) identification of materials to be handled, including 
copies of MSDS. 

(b J assessment of applicable safety regulations (e.g., 

OSHA) for the process. 
(c) specification of details of personal protective 

measures to be adopted. 

(d} listing of hazards associated with pipe being 

repaired and equipment in the vicinity of the repair 
site with protective measures. Note that for a fully dete­

riorated pipe, special safety precautions may be necessary 
prior to personnel entry into the pipe. 

403-4.1.3 Surface Preparation. The interior of the host 
pipe shall be cleaned of loose rust, scale, and biofouling. 

For best adhesion of the thermoset polymer to the host 

pipe, the inside pipe surface shall be prepared to SSPC-SP-
10 /NACE 2 near-white-blast cleaning condition or to 

ASTM 042 58 for concrete pipe. 

403-4.2 Polymer Mixing 

Resin and curing agent batches and mixture proportion 
shall be verified per the manufacturer's recommenda­
tions. 

403-4.3 Materials of Construction 

(a) The materials of construction shall be those for 
which the qualification and design have been completed. 

(b} The Repair System manufacturer shall have a 

quality program in place, such as ISO 9001, that demon­
strates consistent and repeatable production quality. 

(c) The quality program shall include batch testing of 

fibers and fabrics, polymers (resins and curing agents), 
and fillers. The frequency of sampling and the tests 
required shall be specified by the Repair System supplier. 
Batch testing may include tests such as: 

(1) physical properties of the fabric (e.g., mass per 

unit area) 

(2) tensile properties of the fibers 
(3) tensile properties of the composite 
(4) glass transition temperature of the polymer 

(SJ gel times of the polymer 
(6) compression strength of filler material 

(d) Test results shall be retained or be retrievable by 

the Repair System supplier and be traceable by batch 
number. 

(e) The Repair System supplier shall label Repair 

System materials i s sued  with the re levant batch 
number(s). 

403-4.4 Polymer Application 

(a) Polymer shall be applied in even and overlapping 

patterns until design thickness is achieved. 
(b) When reinforcing fibers are added, they shall be 

evenly dispersed, wetted, and rolled or compressed to 
remove voids. Then the top layer of polymer shall be 
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appl ied  over  the reinforcing fib e r s  to p rovide a 
smooth, monolithic liner. 

(c) If pultruded or preimpregnated carbon is being 
utilized, then the application process shall be as follows: 

(1) apply adhesive layer of polymer 

(2) press the carbon into the adhesive polymer 

(3) apply the top coat to the structural liner to 
provide a smooth, monolithic surface 

403-5 EXAMI NATION 

403-5.l Test Sample Retrieval 

Samples may be taken in accordance with the following 
for each CIPP batch installed: 

(a) Samples shall be taken on coupon specimens iden­
tical to material applied onto the host pipe (similarly 
cured). 

(b) Number of samples shall be sufficiently large to 
provide statistically adequate number of specimens for 
each of the test  procedures required in material  

testing (para. 403-5.2) .  
(c) Samples shall be marked to  provide traceability. 

403-5.2 Material Testing 

The test samples obtained in accordance with the 
para. 403 -5 . 1  requirements for test sample retrieval 
should be tested to confirm the following design basis 
material property values: 

(a) time-temperature-corrected flexural modulus of 
elasticity for CIPP (EF from Mandatory Appendix 403-I) 

(b) time-temperature-corrected ultimate tensile 
strength of CIPP (ST from Mandatory Appendix 403-I) 

(c) the coefficient of thermal expansion used in the 

analysis required by Mandatory Appendix 403-I 

403-5.3 CI PP-lnstalled Geometry Verification 

(a) The minimum installed CIPP wall thickness shall be 
verified to meet the design requirements using ultrasonic 
or other examinations. 

(b) Examination shall be in accordance with approved 

procedures by qualified personnel. 
(c) A set of four measurements, equally spaced around 

the circumference of the CIPP, should be taken at each end 
and at one intermediate point. 

( d) Additional sets of measurements should be taken in 

areas of significant host pipe degradation. 

403-5.4 Documentation of CIPP As-Installed 
Condition 

(a) A visual examination shall be performed. 
(b) Voids, surface flaws, and areas of improper curing 

shall be evaluated. 
(c) All inspection/examination and corrective action 

shall be in accordance with Mandatory Appendix 403-II. 
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403-5.5 Monitoring Plans 

(a) A plan for monitoring the corrosion rate of a 

partially deteriorated host pipe shall be prepared. 
(b} No monitoring plan is required for a fully deterio­

rated host pipe, since the CIPP is sized to provide full struc­
tural integrity. 

(c) A plan for monitoring CIPP for degradation due to 
environmental conditions, erosion, or thermal expansion/ 

contraction should be prepared. 

403-6 TESTING 

A system pressure test shall be performed on the CIPP 

as specified in paras. 403-6.1 and 403-6.2. 

403-6.1 lsolable Pipe 

403-6.1.1 Pressure Decay Test. The system integrity 

test for buried components that are isolable by valves 
or other means should consist of pressure decay over 

time that determines the leakage rate. 

403-6.1.2 Fluid Volume Makeup Test. Alternatively, 
the system integrity test may consist of a fluid volume 
makeup to maintain a set pressure over time that deter­

mines the leakage rate. 

403-6.1.3 Acceptance Criteria. The acceptable rate of 

pressure loss or volume makeup should be established 
over a minimum of 1 hr. Factors that may influence 

the acceptable rate of pressure loss or volume makeup are 
(a) volume of the system pressure test 
(b) leak tightness requirements for the buried compo­

nents 

403-6.2 Nonisolable Pipe 

403-6.2.1 Flow Impairment Test. The system integrity 
test for nonisolable buried components should consist of a 

test to confirm that flow during operation is not impaired. 

403-6.2.2 Change in Flow Test. Alternatively, the 

system integrity test may determine the change in flow 

between the ends of the buried components. 

403-6.2.3 Acceptance Criteria. The acceptable flow or 
change in flow should be established. 
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Mandatory Appendix 403-1 
Desig n Considerations for Buried Pipe 

403-1-1 WALL THICKNESS OF CIPP 

(a) The required CIPP-design wall thickness, tn for a 

partially deteriorated host pipe (design application Cate­
gory B) shall be at least the greater of the thickness deter­
mined by eqs. (1-1) and (1-3) . This minimum thickness 

shall be increased to provide for all applicable manufac­
turing-specific installation constructability tolerances and 
shall be used in the design analysis.1 

(b) The tr for a fully deteriorated host pipe shall be at 
least the greater of the thickness determined by eqs. (1-1} 

and (1-2) . This minimum thickness shall be increased to 
provide for all applicable manufacturing-specific installa­
tion constructability tolerances, shall be referred to as tm 
and shall be used in the analysis required by analysis equa­
tions below.1 

403-1-2 DESIGN EQUATIONS 

403-1-2.1 Internal Pressure 

Equation (1-1) shall be used to determine the tr required 
due to internal pressure on CIPP contained in a partially or 

fully deteriorated host pipe. 

where 

Do = 

Do 
(1-1) 

outside diameter ofCIPP (inside diameter of host 
pipe), mm (in.) 

design safety factor (typically 2) 
internal design pressure, MPa (psig) 
time-temperature-corrected ultimate tensile 

strength of CIPP, MPa (psi) 

required CIPP design wall thickness, mm (in.) 

403-1-2.2 External Pressures/Fully Deteriorated 
Pipes 

Equation (1-2) shall be used to determine the tr required 
due to applicable external pressures on CIPP contained in 

a fully deteriorated host pipe. 

1 Although the partially deteriorated host pipe assumption could result 
in a thinner wall thickness than a fully deteriorated host pipe, it will 
require future monitoring of the host pipe whereas the fully deteriorated 
pipe will not. 
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(1-2) 

where 

B' = coefficient of elastic support 
1/(1 +4e-0.213H (m)) = l/(l +4e-0.065H (ft)) 

C = ovality reduction factor = 

EF = time-temperature-corrected flexural modulus of 
elasticity for CIPP, MPa (psi) 

E's = modulus of soil reaction, MPa (psi) 
H = height of soil above top of host pipe, m (ft) 

Hw = height of groundwater above top of host pipe, m 

(ft) 
NE = design factor (typically 2) 

q = ovality (%) of host pipe 

max. measured dia. - min. measured dia. 100 x --------------
average measured dia. 

qt = total external pressure on CIPP, MPa (psi) 
Rw water buoyancy factor (0.67 min.) 

1 - [0.33 (Hw/H}] 

403-1-2.3 External Pressures/Partially 
Deteriorated Pipes 

Equation (1-3) shall be used to determine the tr required 

due to applicable external pressures on CIPP contained in 
a partially deteriorated host pipe. 

(1-3) 

where 
K = buckling enhancement factor of the soil and host 

pipe adjacent to CIPP. A value of 7.0 may be used 

qh = groundwater hydraulic load, MPa (psi) 
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v Poisson's ratio = 0.30; or Poisson's ratio may be 
determined using the test method of ASTM 0210 5 

403-1-3 APPLI ED LOADS DESIGN 

To validate CIPP design, the analysis shall consider the 

effects due to applicable sustained and occasional loads 

specified in the owner's requirements. 

403-1-3.1 Sustained and Occasional Loads 

Stresses due to sustained and occasional loads shall 
meet the requirements of eq. (I-4). 

where 

-- + 0.7St + - < -
PmcPo ·[MA + MB ] Sa kSy 

4tn Z A - 4 

A = cross-sectional area of CIPP, mm2 (in.2) 

D0 = outside diameter of CIPP, mm (in.) 

(I-4) 

i = stress intensification factor (SIF}. The SIF for 

sprayed-form CIPP  in a straight or curved 
host pipe shall be taken as unity, thus "0.75i" 
equals "1" 

k = occasional load factor = 1.2, if occasional loads 
are included in eq. (1-4); otherwise, k = 1 

MA = resultant moment loading on cross section due 
to weight and other applicable sustained loads, 

N · mm (in.- lb) . If the C I P P  is continuously 
supported by the existing soil  system or the 

partially deteriorated host pipe, the MA term 

may be neglected. 
M8 = resultant moment loading on cross section due 

to applicable occasional loads, such as thrusts 
from relief and safety valve loads, from pressure 

and flow transients, and seismic inertia, N·m 

(in.-lb) . For seismic inertia, the calculation 
may use only one-half  of  the range.  The 
e ffects of  se i smic  d i sp lacements may b e  
excluded from eq. (I-4) i f  they are included in 

eq. (I-5) . 
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Pma maximum operating pressure, MPa (psig) 

rm mean radius of CIPP, mm (in.) 

Sa axial loading on cross section due to seismic dis­

placements or other applicable occasional loads, 
N (lb) 

ST = time-temperature-corrected ultimate tensile 
strength of CIPP, MPa (psi) 

tn = nominal CIPP wall thickness, mm (in.) 
Z = section modulus of CIPP, mm3 (in.3) 

nr m 2tn 

403-1-3.2 Thermal Expansion Loads 

Stresses due to thermal expansion loads shall meet the 
requirements of eq. (I-5) . 

where 

iMc S Sy (I-5) -- + - < -
z A - 2 

Mc = resultant moment loading on cross section due to 
thermal expansion, N·mm (in.-lb). Also, includes 

moment effects of seismic displacements if they 
were omitted from eq. (I-4) 

S = axial loading on cross section due to seismic dis­
placements, if included, and thermal expansion, 
N (lb} 

403-1-3.3 Determination of Resultant Moment 

For eqs. (I-4) and (I-5), the resultant moments for 

straight and curved piping members shall be calculated 
as follows: 

where 

j = A, B, or C, as defined in eqs. (I-4) and (I-5) 
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Mandatory Appendix 403-1 1  
I nspection/Examination and 

Corrective Action Requirements for CIPP 

403-11-1 GENERAL 

All required corrective actions to the CIPP due to voids, 
surface flaws, and areas of improper curing shall be in 
accordance with this Appendix. 

403-1 1-2 POLYMER MIXTURE 

403-1 1-2.1 Real-Time Mixture Control 

Mixture control may be confirmed by color of the 
polymer, per the manufacturer's recommendations. 

403-1 1-2.2 Resultant Mixture Control 

Color chips from the manufacturer may be used to 
compare polymer to the proper mixture of polymer. 

403-1 1-3 POLYMER THICKNESS SAMPLING 

403-1 1-3.1 Number of Layers 

The polymer-fiber matrix thickness may be measured 
based on layer thickness from the manufacturer times the 

number of layers. This thickness may be compared to the 
minimum design calculations for required thickness. 

403-1 1-3.2 NOE Measurement 

The polymer-fiber matrix thickness may be measured 
with UT or other NOE instruments. 

403-11-4 POLYMER HARDNESS 

403-1 1-4.1 Hardness Measurement 

The hardness of the cured polymer may be measured for 
quality control of the installed mix ratio. 

(a) Barco! hardness - per ASTM 02583 or BS EN 59 
(b} Shore hardness - per ASTM 02240 or ISO 868 

403-1 1-4.2 Sample Points 

Hardness sample points may be determined at random 

approximately every 3 ft on installed length and at 
approximately four circumferential points. Hardness 
sample points should also be taken wherever the installed 

243 

visual color of the polymer looks uneven (indicates 

possible poor mixing of polymer resin and curing agent). 

403-1 1-4.3 Curing Catalyst 

The curing process may be enhanced by the addition of 

the curing catalyst (e.g., heat, water, UV radiation). 

403-11-5 POLYMER COVERAGE 

403-1 1-5.1 Visual Inspection 

The polymer coverage may be visually inspected to 
identify "pinholes" and imperfections. 

403-1 1-5.2 Holiday Test 

A "holiday test" as specified by the manufacturer 
(whose requirements are typically based on ASTM 

05162 or NACE RP 0188) may be used to identify pinholes 

and thin spots in the polymer coverage. This test is very 
effective for polymers with glass reinforcing fibers. When 

carbon reinforcing fibers are utilized, they need to be insu­
lated from the metallic substrate with a polymer primer, 
polymer-saturated glass cloth, or both for the "holiday 
test" to be effective. 

403-11-6 SURFACE DEFECT CORRECTIVE ACTIONS 

403-1 1-6.1 Substrate Preparation 

Grind away the polymer around the surface defect to 
create adhesive bonding sites. 

403-1 1-6.2 Polymer Mixing 

Mix the resin and curing agent of the polymer in accor­
dance with manufacturer's recommended proportions. 

403-1 1-6.3 Polymer Application 

Spray or trowel the polymer over the surface defect. 

403-1 1-6.4 Polymer Inspection 

Inspection of the polymer system, applied to the surface 

defect in accordance with the CIPP polymer manufac­

turer's recommendations, shall be the determining 
factor in judging cure completion. 
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403-1 1-6.5 Excess Polymer 

Grind away, as required, the excess polymer so that the 
corrective action follows the contour of the existing CIPP. 

Note this excess polymer only affects the flow surface of 
the pipe, not the structural aspects of the CIPP. 
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403-1 1-7 CORRECTIVE ACTION FOR AREAS OF 
I NSUFFICI ENT CURI NG 

Areas of  insufficient curing shall b e  completely 
corrected by steps identified in section 403-11-6. Inspec­
tion in accordance with the CIPP polymer manufacturer's 

recommendations shall be the determining factor in 

judging cure completion. 



ASME PCC-2-2022 

Mandatory Appendix 403- 1 1 1  
Glossary of Terms and Acronyms 

(22) 403-1 1 1-1 GLOSSARY OF TERMS 

batch: a quantity of a material that is produced in a single 
production run or single cycle of manufacture. A batch 

may be divided into one or more lots. 

cured-in-place pipe {Cf PP): the buried piping modification 

method with a thermoset polymer into a host pipe. 

cure or curing: process of hardening a thermosetting 
polymer by an irreversible chemical reaction. 

epoxies: usually a two-component thermoset polymeric 
system primarily composed of epichlorahydrin and 
Bisphenol A combined with an amine-based curing agent. 

fully deteriorated host pipe: a host pipe that is not relied 
upon to support soil, surcharge, or groundwater loads. 

host pipe: the old existing pipe to be modified. 

partially deteriorated host pipe: a host pipe that is relied 
upon to support soil and surcharge loads throughout its 

design life. 

polymer: a plastic material that can be thermoset (two­
part polymer) or thermoplastic (one-part polymer) in 

nature. 

polymer filler: a relatively inert material added to a 
po lymer  to m o d i fy its strength, p e rmanence,  o r  

working properties. 

pultruded carbon: a relatively thin strip of polymer and 

carbon already cured and somewhat malleable to 
forming to the application geometry. 

reinforcement: high strength fibers imbedded in the 

polymer, resulting in mechanical properties superior to 
those of the base polymer without the fibers. 

surcharge: loading on a buried host pipe produced by 

ground transportation traffic, e.g., truck or railway. 

245 

thermoset polymer: plastics that cannot be re-softened 
following polymerization (includes Bakelite, epoxy, poly­
urethane, polyesters, vinyl esters, and paints). 

403-1 1 1-2 GLOSSARY OF ACRONYMS 

403-1 1 1-2.1 Organizations 

ASME 

ASTM 

AWWA 

ISO 

NACE 

OSHA 

The American Society of Mechanical Engineers 

American Society for Testing and Materials 
(ASTM International) 

American Water Works Association 

International Organization for Standardization 

National Association of Corrosion Engineers 
(NACE International -The Corrosion Society) 

Occupational Safety and Health Administration 

403-1 1 1 -2.2 Terms 

BS 

CIPP 

DN 

I .D. 

MSDS 

NOE 

N PS 

SS PC-SP 

UT 

UV 

British Standards 

cured-in-place pipe 

dimensional number 

inside diameter 

Material Safety Data Sheet 

Nondestructive Examination 

Nominal Pipe Size 

Steel Structures Painting Council Surface 
Preparation 

ultrasonic testing 

ultraviolet (radiation) 
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Article 404 
(22) Non metallic I nternal Lining for Pipe: High-Risk Buried Pipe 

In the Course of Preparation 
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Article 405 
Qualification of Nonmetallic Composite Repair Systems (22) 

405-1 DESCRI PTION 

405-1.1 Scope 

This Article provides the qualification requirements for 

Repair Systems. 

405-1.2 Definition of Repair System 

The Repair System is defined as a combination of the 

following elements for which qualification testing has 
been completed: 

(a) substrate (repair surface) 
(b} surface preparation 

(c) load transfer material (filler material) 
(d) primer layer (an adhesive used in some Repair 

Systems bonding the composite laminate to the substrate) 

(e) composite material (repair laminate) 

(f) application method (including sealing, coating, etc., 

as needed) 
(g) curing protocol 
(h} interlaminar adhesive for Repair Systems that 

utilize precured plies 

405-1.3 Materials Allowed 

(a) The composite materials allowed for the Repair 

System include - b ut are not l imited to - glass, 
aramid, or carbon fiber reinforcement in a thermoset 

polymer (e.g., polyester, polyurethane, phenolic, vinyl 
ester, or epoxy) matrix. 

(b} Structural fibers shall be continuous and not be 

randomly oriented. 

405-1.4 Types of Repair Systems 

(a) Type A Design Case. Components not leaking, 

requiring structural reinforcement only. 
(b} Type B Design Case. Components leaking requiring 

structural reinforcement and sealing of through-wall 

defects. 

405-2 LIMITATIONS 

Part 1 of this Standard contains additional require­
ments and l imitations. This Article shall be used in 

conjunction with Part 1 
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405-3 DESIGN 

405-3.1 Symbols 

The following symbols are used throughout this Article. 
A(d;) = the function of defect size, d;, and repair lami­

nate properties of observation, i, where i = 1, n, 
determined by Mandatory Appendix 405-IV, 
eq. (IV-1) 

D component outside diameter, mm (in.) 

Ea tensile modulus for the composite laminate in 

t h e  a x i a l  d i r e c t i o n ,  d e t e r m i n e d  p e r  
Table 405-3 .3-1, N/m2 (psi) 

Ee = tensile modulus for the composite laminate in 
the circumferential direction, determined per 
Table 405-3 .3-1, N/m2 (psi) 

Es = tensile modulus for substrate material, N/m2 

(psi) 

G = regression gradient 

G31 = shear modulus for the composite laminate, 
determined per Table 405-3.3-1, N/m2 (psi) 

HOT heat distortion temperature, determined per 
Table 405-3.3-1, °C (°F) 

I = defect length, determined per Mandatory 

Appendix 405-III 
n = the number of observed data points [for A(d;), 

P;], determined per Mandatory Appendix 405-
IV 

n8 = minimum number of layers for Type 8 repairs 
nv = number of variables for Student's tv, deter­

mined per Table 405-IV-3-1 
Pt = failure pressure of the undamaged pipe, N/m2 

(psi) 

P; = the pressure at failure of observation i, where i 
= 1, n, determined per Table 405-IV-3-1  

Prest = test pressure, N/m2 (psi) 
s = SMYS (Specified Minimum Yield Strength 

derated as required by the appropriate 
construction code) of component, N/m2 (psi) 

Sa = measured yield strength of component or mill 
certification, N/m2 (psi) 

Sc = characteristic tensile strength of composite in 

circumferential (hoop) direction, where the 
characteristic strength is equal to the mean 
s t r e n g t h ,  d e t e r m i n e d  p e r  T a b l e  
405-3 .3-1, N/m2 (psi) 
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S/t = 

t; 

trepair 
ts = 

ttest 

w =  

y = 

Y; 

YLCL 

Ymean 

E 
a 

95% lower confidence limit of the long-term 

strength determined by performance testing 

per Mandatory Appendix 405-11, N/m2 (psi) 

glass transition temperature, determined per 
Table 405-3 .3-1, °C (°F) 
repair thickness of data point i, determined 
per Mandatory Appendix 405-IV 
minimum repair thickness determined by ap­
plicable equations, mm (in.) 

design repair thickness, mm (in.) 

minimum remaining wall thickness of the 
component, mm (in.) 
test thickness of composite, determined per 

Mandatory Appendix 405-V, mm (in.) 
S tudent 's  t, m m  ( i n . ) ,  determ i n e d  p e r  
Mandatory Appendix 405-IV, J/m2 (in.-lb/in.2) 
width of defect in hoop direction to be used in 

test specified in Mandatory Appendix 405-III, 
mm (in.) 
coefficient of thermal expansion of the repair 

laminate in the axial direction, determined per 

Table 405-3.3-1, °C1 (°F-1) 
coefficient of thermal expansion of the repair 
laminate in the circumferential direction, 

determined per Table 405-3 .3-1, °C1 (°F-1) 
toughness parameter (energy release rate) for 

the composite-substrate interface, deter­
mined per Mandatory Appendix 405-IV, J/ 

m2 (in.-lb/in.2) 

toughness parameter for each observed data 
point [A(d;), P;], determined per Mandatory 
Appendix 405-IV, J/m2 (in.-lb/in.2) 

toughness parameter lower confidence limit 
per Mandatory Appendix 405-IV, J/m2 (in.­
lb/in.2} 
tough n e s s  parameter  m e a n  va lue  p e r  
Mandatory Appendix 405-IV, J/m2 (in.-lb/in.2) 

thermal strain 

variance of pressure measurement, deter­
mined per Mandatory Appendix 405-IV 
Poisson's ratio for the composite laminate in 
the circumferential direction (load in circum­

ferential direction, contraction in axial direc­

tion), determined per Table 405-3.3-1 

405-3.2 Repair System Qualification Process 

(a) Qualification of the Repair System shall  b e  

completed i n  accordance with para. 405-3.6 using test 
methods listed in Table 405-3.3-1.  

(b) All elements of the Repair System shall be tested to 
define thermal performance. 

(c) Materials performance and test data shall be 
measured by a certified or nationally accredited test 
facility, or certified by a registered professional engineer 

(or international equivalent) . 
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(d} Repair System qualification data shall be measured 
for a representative member of each family of substrate 

materials (e.g., carbon steel, low- and high-alloy steel, 
stainless  steel, aluminum, polyethylene, PVC, ABS,  

fiber-reinforced polymer, concrete, etc.) for which quali­
fication for use of the Repair System is desired. 

405-3.3 Test Methods 

See Table 405-3.3-1 .  

405-3.4 Basic Material Documentation 

This documentation shall include a descriptive state­

ment of the polymer systems, including reinforcements 
used, and any standards to which they are supplied. Speci­
fically, the following elements of the Repair System shall 
be described: 

(a) substrate (repair surface) 
(b) surface preparation 

(c) load transfer material (filler material) 

(d} primer layer (an adhesive used in some Repair 
System s, bonding the compo site laminate to the 
substrate) 

(e) composite material (repair laminate) 

(/) application method (including sealing, coating, etc., 
as needed} 

(g) curing protocol 
(h) interlaminar adhesive for Repair Systems that 

utilize precured plies 

405-3.5 Repair System Qualification Data 

(a) The Repair System qualification data shall be 
displayed as described in Mandatory Appendix 405-1. 

(b} The Repair System supplier shall state the type of 
repairs (as listed in para. 405-1.4) to which their Repair 

System has been qualified. 
(c) Data developed according to this Article shall be 

approved by a licensed professional engineer (or interna­

tional equivalent) . 

405-3.6 Specific Repair System Requirements 

405-3.6.l For Type A Repairs 

(a) T e s t i n g  r e q u i r e m e n t s  i n  M a n d a t o r y  

Appendix 405-11 shall be performed. 
(b) The pipe spool  survival test (see Mandatory 

Appendix 405-I I I  shall be completed on at least one 
substrate material. 

405-3.6.2 For Type B Repairs 

(a) T e s t i n g  r e q u i r e m e n t s  i n  M a n d a t o r y 
Appendices 405-11 and 405-III shall be performed. 

(b} Additional data requirements for leaking compo­

nents shall include the following: 
(1) bending modulus for the (composite) repair 

laminate determined by the following: 
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Table 405-3 .3-1 
Repair System Required Material and Performance Properties 

Property Test Type Detail Properties Minimum Values Test Methods 

Engineering Properties 

Tensile strength (Swa• Mandatory Tensile strength (s), Strain to failure shall ISO 527, ASTM 03039 
Swh) and tensile modulus (£), Poisson's be >1% 
modulus (Ew Ee); ratio ( v) (for leaking 
Poisson's ratio (u) pipes and some design 

cases; strain to failure in 
both hoop and 
axial directions) 

In-plane shear Mandatory for leaking Modulus only (G31)  None ASTM 05379 
modulus pipes only 

Per ply thickness Mandatory Thickness per ply None None (may be determined 
from the tensile tests) 

Compressive modulus Mandatory Load transfer material None ASTM 0695, ASTM 06641, 
ISO 604, ISO 14126 

Lap shear adhesion Mandatory Shear strength of 4 NM/m2 (580 psi) BS EN 1465, ASTM 03165, 
strength [Note (1)] composite bond to ASTM 05868 

substrate 

Long-term lap shear Mandatory or see Measurement of lap 30% of lap shear Mandatory Appendix405-ll, 
performance Mandatory Appendix shear strength after adhesion section 405-1 1-2 

405-11, section 405-11-3 1 000-h heat strength 
exposure 

Impact performance Mandatory for leaking Low velocity impact Withstand drop test per Mandatory Appendix 405-VI 
pipes only performance Mandatory Appendix 

405-VI 

Energy release Mandatory for leaking Toughness parameter, None Mandatory Appendix 405-IV 
rate (y) pipes only energy release 

rate (y) 

Long-term strength, S1t Optional Determine long-term None Mandatory Appendix 405-V, 
[Note (2)] (creep-rupture) ASTM 02990, ASTM 

strength of the wrap 02992 
by either of 
three methods 

Short-term pipe: Mandatory Wrapped pipe with Wrap shall not fail Mandatory Appendix405-III 
spool survival test defect must withstand 

a short-term pressure 
test 

Cyclic loading Optional None None ISO 14692, ISO 24817 

Physical Properties 

Hardness Mandatory Barco! or Shore None BS EN 59, ISO 868, ASTM 
hardness data 02583, ASTM 02240 

Coefficient of Mandatory CTE value None ISO 1 1359-2, ASTM E831 
thermal 
expansion 
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Table 405-3.3-1 
Repair System Required Material and Performance Properties (Cont'd) 

Property Test Type Detail Properties Minimum Values Test Methods 

Physical Properties (Cont'd) 

Glass transition 
temperature (T9) 

Mandatory or use HOT Glass transition 
temperature (T9) 

None, except this 
can determine 
maximum operating 
temperature of 
composite 

ISO 11357-2, ASTM E831, 
ASTM E1640, ASTM 
E6604 

system 

Heat distortion 
temperature (HOT) 
[Note (3)] 

Mandatory or use T9 
above 

Heat distortion 
temperature (HOT) 

None, except this 
can determine 
maximum operating 
temperature of 
composite 

ISO 75, ASTM 0648 

Electrical conductivity 

Chemical compatibility 

Cathodic disbondment 

NOTES: 

Optional None 

Optional None 

Mandatory for Oisbondment 
cathodically protected 
pipes 

system 

None 

None 

None 

ISO 14692, ASTM 0149 

ASTM 0543, ASTM C581, 
ASTM 03681, ISO 10952 

ASTM GB, ASTM G42, ASTM 
G95 

(1) When using the test methods provided in ASTM 03165, ASTM 05868, or BS EN 1465, it shall serve to provide general guidelines for this test. A 
sample of the composite polymer instead of just the adhesive shall be used between the plates. 

(2) When using the practices provided in ASTM 02990 and ASTM 02992, they shall serve to provide general guidelines for this test. 
(3) For the matrix polymer (without the reinforcing fibers), use the test methods provided in ASTM 0648 or ISO 75-1 to measure HOT under a 

load of 1.82 MPa (264 psi). As an alternative, when measuring HOT for reinforced polymers (using ISO 75-3), the minimum load should be 
0.1% of the modulus. 

(-a) test according to Table 405-3.3-1 
(-b) alternatively, the tensile modulus, Ea, for the 

laminate may be used as a conservative estimate for the 
value in bending 

(2) energy release rate (fracture toughness param­

eter), y, shall be determined by the tests according to 
Mandatory Appendix 405-JV. A minimum of three tests 
are required, and results shall be compared with YLcL 
of the original Repair System. 

(3) impact performance determined by the tests 
according to Mandatory Appendix 405-VI. 

(4) validation of the Repair System for repair ofleaks 

o f  va r ious  c o m p o nents  accord ing  to M a n datory 
Appendix 405-VII . 

405-3.6.3 Performance Testing (Additional Qualifi­
cation Tests) 

(a) The Repair System supplier may carry out perfor­

mance testing to determine design allowables in accor­

dance with Mandatory Appendix 405-V. 
(b J The design allowables shall be determined by either 

of the following requirements: 
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(1) long-term strength, SJt, either from 1 000 h 
survival test or regression testing 

(2) long-term strain to failure, E, from representative 
repair laminate regression testing 

405-3.7 Requalification 

(a) Where there has been a change to any element of 

the Repair System, then the testing specified in the rele­

vant paras .  4 0 5 - 3 . 6 . 1  through 4 0 5 - 3 . 6 . 3  shal l  be 
completed. See Nonmandatory Appendix 405-8 for 

guidance. 
(b J If the modified Repair System is found to be oflower 

performance than the original system, then it shall be 

treated as a new system and validated according to the 

requirements of this Article. 
(c) If the modified Repair System is found to be of 

higher performance than the original system, then it 
may be treated as a new system and validated according 
to the requirements of this Article. 
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405-4 FABRICATION (INSTALLATION) 

The Repair System to be qualified shall be designed and 
installed in accordance with the requirements in 

Article 401 for Type A or Type B repair. 

405-5 EXAMI NATION 

The Repair System to be qualified shall be examined in 
accordance with the requirements in Article 40 1. 

405-6 SYSTEM PRESSURE TESTING 

The Repair System to be qualified shall be system pres­
sure tested in accordance with the requirements in 
Article 401 .  

405-7 REFERENCES 

405-7.1 Referenced Codes and Standards 

The following codes and standards are referenced in 
this Article. Unless otherwise specified, the latest 
edition shall apply. 

ASME PCC-2-20 18, Repair of Pressure Equipment and 
Piping 

Publisher: The American Society of Mechanical Engineers 
(ASME), Two Park Avenue, New York, NY 10016-5990 
( www.asme.org) 

ASTM A106-2018, Standard Specification for Seamless 
Carbon Steel Pipe for High-Temperature Service 

ASTM C581-2015, Standard Practice for Determining 
Chemical Resistance of Thermosetting Resins Used 
in Glass-Reinforced Structures Intended for Liquid 

Service 
ASTM D 149-2009(2 0 13) ,  Standard Test M ethod for 

Dielectric Breakdown Voltage and Dielectric Strength 

of Solid Electrical Insulating Materials at Commercial 

Power Frequencies 
ASTM D543-2014, Standard Practices for Evaluating the 

Resistance of Plastics to Chemical Reagents 
ASTM D648-2018, Standard Test Method for Deflection 

Temperature of Plastics Under Flexural Load in the 

Edgewise Position 

ASTM D695-2015, Standard Test Method for Compressive 
Properties of Rigid Plastics 

ASTM D790-2 0 1 7, Standard Test Method for Flexural 

Properties of Unreinforced and Reinforced Plastics 
and Electrical Insulating Materials 

ASTM D1598-2015a, Standard Test Method for the Time­

to-Failure of Plastic Pipe Under Constant Internal Pres­
sure 

ASTM D1599-2014 el, Standard Test Method for Resis­

tance to Short-Time Hydraulic Pressure of Plastic Pipe, 
Tubing and Fittings 

2 5 1  

ASTM D2240-2015 e l ,  Standard Test Method for Rubber 
Property - Durometer Hardness 

ASTM D2583-2013a, Standard Test Method for Indenta­
tion Hardness of Rigid Plastics by Means of a Barco) 

Impressor 
ASTM D 2 9 9 2 - 2 0 1 8, Standard Practice for Obtaining 

Hydrostatic or Pressure Design Basis for (Glass­
Fiber- Reinforced Thermosetting Resin) P ipe and 

Fittings 
ASTM D3039-20 1 7, Standard Test Method for Tensile 

Properties of Polymer Matrix Composite Materials 
ASTM D 3 165-2007(2 0 14), Standard Test Method for 

Stre ngth P r o p e rt ies  o f  Adhes ives  in S h e a r  by 

Tension Loading of Single-Lap-Joint Laminated Assem­
blies 

ASTM D3681-2012 el, Standard Test Method for Chemical 
Resistance of "Fiberglass" (Glass-Fiber-Reinforced 

Thermosetting Resin) Pipe in a Deflected Condition 
ASTM D5379-2012, Standard Test Method for Shear Prop­

erties of Composite Materials by the V-Notched Beam 
Method 

ASTM D5868-2001(2014), Standard Test Method for Lap 

Shear Adhesion for Fiber Reinforced Plastic (FRP) 
Bonding 

ASTM D6604-2000(20 1 7), Standard Practice for Glass 
Transition Temperatures of Hydrocarbon Resins by 

Differential Scanning Calorimetry 

ASTM D 6 64 1 - 2 0 1 6  e l ,  Standard Test  Method fo r 
Compressive Properties of Polymer Matrix Composite 

Materials Using a Combined Loading Compression 
(CLC) Test Fixture 

ASTM E84- 2 0 1 8, Standard Test M ethod for Surface 

Burning Characteristics of Building Materials 
ASTM E 8 3 1 - 2 0 14, Standard Test M ethod for Linear 

Thermal Expansion of Solid Materials by Thermome­

chanical Analysis 
ASTM E 1 640-20 1 3 (20 18), Standard Test Method for 

Assignment of the Glass Transition Temperature By 
Dynamic Mechanical Analysis 

ASTM G 8 - 1 9 9 6 (2 0 1 0) ,  Standard Test Methods for 
Cathodic Disbanding of Pipeline Coatings 

ASTM G42 - 2 0 1 1, Standard Test Method for Cathodic 
Dis bonding of Pipeline Coatings Subjected to Elevated 

Temperatures 

ASTM G84-1989(2012), Standard Practice for Measure­
ment of Time-of-Wetness on Surfaces Exposed to 

Wetting Conditions as in Atmospheric Corrosion 

Testing 
ASTM G 9 5 - 2 0 0 7 (2 0 1 3 ) ,  Standard Test Method for 

Cathodic Disbandment Test of Pipeline C oatings 

(Attached Cell Method) 
Publisher: American Society for Testing and Materials 

(ASTM International), 100  Barr Harbor Drive, P .O.  
Box C 7 0 0 ,  West Conshohocken,  PA 1 9 4 2 8 - 2 9 5 9  

( www.astm.org) 
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BS EN 59 :1977, Measurement of hardness by means of a 
Barco) impressor 

BS EN 1465: 1995, Adhesives - Determination of tensile 
lap-shear strength of rigid to rigid bonded assemblies 

BS 2782 :  Part 10, Method 1001, Measurement of Hardness 
by Means of a Barco) Impresser 

BS 7910:1999, Guide on Methods for Assessing the Accept­

ability of Flaws in Metallic Structures 
Publisher: British Standards Institution, Inc. (BS!), 12950 

Worldgate D rive, Suite 800 ,  Herndon, VA 2 0 1 70 
(www.bsigroup.com) 

ISO 75-1 :2013, Plastics - Determination of temperature 
of deflection under load 

ISO 75-3 :2004, Plastics - Determination of temperature 

of deflection under load - Part 3: High-strength ther­
mosetting laminates and long-fibre-reinforced plastics 

ISO 1 78 :2010, Plastics - Determination of flexural prop­
erties 

ISO 527-5 :2009, Plastics - Determination of tensile prop­

erties - Part 5: Test conditions for unidirectional fibre­

reinforced plastic composites 
ISO 604:2002, Compressive properties of plastics 

ISO 868:2003, Plastics and ebonite - Determination of 
indentation hardness by means of  a durometer 
(shore hardness) 

ISO 8501 : 1988, Preparation of steel substrates before 

application of paints and related products 
ISO 8502: 1992, Tests for the assessment of steel cleanli­

ness 
ISO 8503: 1988, Surface roughness characteristics of blast 

cleaned steel substrates 
ISO 8504:2000, Surface preparation methods 
ISO 10952 : 1999, Plastics piping systems - Glass-rein­

forced thermosetting plastics (GRP) pipes and fittings 

- Determination of the resistance to chemical attack 
from the inside of a section in a deflected condition 

ISO 11357-2 : 1999, Plastics - Differential scanning calori­
metry (DSC) - Part 2: Determination of glass transition 
temperature 

ISO 1 1359-2: 1999, Plastics -Thermomechanical analysis 
(TMA) - Part 2 :  Determination of coefficient of linear 

thermal expansion and glass transition temperature 

ISO 14126: 1999, Fibre-reinforced plastic composites -
Determination of compressive properties in the in­
plane direction 

Publisher: International Organization for Standardization 

(ISO), Central Secretariat, Chemin de Blandonnet 8, Case 
Postale 4 0 1 ,  1 2 14 Vernier, Geneva, Switzerland 

(www.iso.org) 

405-7.2 Related Codes and Standards 

The following are related codes and standards. Unless 
otherwise specified, the latest edition available may be 

used. 
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ASTM D638, Standard Test Method for Tensile Properties 

of Plastics 
ASTM D696, Standard Test Method for Coefficient of 

Linear Thermal Expansion of Plastics Between -30°C 
and 30°C with a Vitreous Silica Dilatometer 

ASTM D903, Standard Test Method for Peel or Stripping 

Strength of Adhesive Bonds 
ASTM D2 1 05, Standard Test Method for Longitudinal 

Tensile Properties of "Fiberglass" (Glass-Fiber-Rein­
forced Thermosetting-Resin) Pipe and Tube 

ASTM D2 344, Standard Test Method for Short-Beam 
Strength of Polymer Matrix Composite Materials and 

Their Laminates 
ASTM D2837, Standard Test Method for Obtaining Hydro­

static Design Basis for Thermoplastic Pipe Materials 
ASTM D3846, Standard Test Method for In-Plane Shear 

Strength of Reinforced Plastics 

ASTM F412, Standard Terminology Relating to Plastic 
Piping Systems 

Publisher: American Society for Testing and Materials 
(ASTM International), 100  Barr Harbor Drive, P.O. 
Box C 7 0 0 ,  West Conshohocken, PA 1 9 4 2 8 - 2 9 5 9  
(www.astm.org) 

ISO 14129, Fibre-reinforced plastic composites - Deter­

mination of the in-plane shear stress/shear strain 
response, including the in-plane shear modulus and 

strength, by the plus or minus 45 degree tension 

test method 

ISO 153 10, Fibre-reinforced plastic composites - Deter­
mination of the in-plane shear modulus by the plate 

twist method 
Publisher: International Organization for Standardization 

(ISO), Central Secretariat, Chemin de Blandonnet 8, Case 

Postale 40 1 ,  1 2 1 4 Vernier, Geneva, Switzerland 

(www.iso.org) 
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Mandatory Appendix 405-1  
Qualification Data Sheet 

This Appendix provides the required format of a quali­

fication data sheet as referenced in para. 405-3.S(a) . 

405-1-1 REPAI R SYSTEM DETAILS 

[a) fabric name and description 

(b) polymer name and description 
[c) pipe substrate used for qualification testing 
(d) surface preparation method used for qualification 

testing 
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[e) filler description and details 

(f] test temperature 
(g) cure schedule used before testing (time and 

temperature) 

405-1-2 TEST DATA 



Qualification Test 

Laminate 

Layer Thickness 

Mechanical Properties 

Tensi l e  strenqth 

Ult imate tensi le stra i n  

Younq's modulus 

Tensi l e  strenqth 
Ult imate tensi le stra i n  
You ng's modulus 

Poisson's ratio 

Poisson's ratio 

Shear modulus 

Shear modulus 

Physical Properties 

Thermal expa nsion 

Thermal expa nsion 

G lass transition tem perature 

Heat deflection temperature 

Shore hardness 

Adhesion Strength 

Lap shear 

Performance Data 

Long-term strength 

Type A Qualification 

Pipe spool survival test 

Type B Qualification 

Energy release rate 

Bending modulus 

Bending modulus 

Im pact test 

Optional 

ASTM GB cathodic disbandment I 
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Test Data 

Direction/Other Symbol 

C i rcumferential Ee 
C i rcumferential 

C i rcumferential 
Axia l  Ea 
Axia l  

Axia l  

C i rcumferential 
Axia l  

C i rcumferential 

Axia l  

C i rcumferential ac 

Axia l  aa 
Thermal history Tg 

Thermal history HDT 

Short term 

1 000 h/water @x"C (x"F) 

1 000 h @x"C (x"F) 

S1t 

Circu mferential 
Axia l  

Layers tested 

x 
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Test Value Reported 

m m l in .  

MPa I ksi 

GPa I ksi 

MPa I psi 

GPa I ksi 

GPa I ksi 

G Pa I ksi 

m/m/K µ i n ./i n .l°F 

m/m/K µ i n ./i n ./°F 
oc OF 
oc OF 

Barcol Shore D 

M Pa psi 

M Pa psi 

M Pa psi 

% wa l l  loss qualified 

J/m2 i n .-lb/in.2 

G Pa ksi 

G Pa ksi 

N u mber of layers tested: 
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Mandatory Appendix 405-1 1  
Basic Qualification Testing 

405-11-1 I NTRODUCTION 

This Appendix describes the basic qualification tests 
that the Repair System supplier shall provide to be in 

compliance with this Article. 
(a) All qualification tests shall be performed using the 

same Repair System elements (see para. 405-1 .2) .  
(b) Testing shall be  completed in accordance with the 

test method standards in Table 405-3.3-1.  
(c) Updates (later editions) to the test method stan­

dards shall not require qualification testing to be repeated. 

405-1 1-2 DATA FOR REPAIR LAMINATE 

The following data are required: 

(a) Ply or layer thickness of the (composite) repair 
laminate material. 

(b} Tensile modulus, strain to failure, and strength in 

the circumferential direction determined by test 

according to Table 405-3.3-1.  
(c) Tensile modulus, strain to failure, and strength in 

the axial direction determined by test according to 
Table 405-3.3-1.  

(d} Poisson's ratio in the circumferential direction (i.e., 
load direction circumferential, contraction axial) deter­
mined by test according to Table 405-3.3-1.  

(e) Shear modulus determined by test according to 

Table 405-3 .3 -1 .  The test specimen geometry shall be 
as shown in Figure 405-11-2-1 .  

(f) Alternatively, the shear modulus of the polymer 

matrix may be used. 
(g) Barco! hardness or Shore hardness determined by 

test according to Table 405-3.3-1.  
(h) T9 or HOT for the polymer subjected to a similar 

thermal history as repairs applied determined by test 
according to Table 405-3 .3-1. 

(i) CTE in the axial and circumferential directions 
determined by test according to Table 405-3.3-1.  

405-1 1-3 DATA FOR REPAIR/SUBSTRATE 
I NTERFACE 

The objectives of the following tests are not to produce 
data for use in design. The intent is to demonstrate that an 
adhesive bond of adequate strength and durability can be 
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achieved with the repair laminate and surface preparation 
method. 

NOTE: Short-term strength measurements are not necessarily a 
good indicator of long-term performance. 

The following lap shear tests shall be performed: 

(a) Lap shear strength determined by test according to 
Table 405-3.3-1.  

(1) This short-term test at room temperature shall 
be used to determine the average shear strength or the 

locus of failure (repair laminate remaining on a minimum 

of 30% of the bonded area). 
(2) Minimum average lap shear strength of 4 MN/m2 

(580 psi) shall be demonstrated for metal substrates. 
(3) Alternatively, it shall be demonstrated that the 

adhesive bond is stronger than the lap shear strength 
of the repair laminate by assessing the surface of the 

substrate material used in a lap shear specimen after 
testing. 

(b J Where evidence oflong-term durability of the adhe­
sive bond between the repair laminate and the substrate is 

required and performance-based testing has not been 
carried out to provide data for design, a long-term lap 
s h e a r  stre ngth dete r m i n e d  by test  according to 

Table 405-3.3 - 1  shall be performed. 

(1) This test shall be carried out, as an accelerated 
aging test, following immersion in water (or other relevant 

medium) at the design temperature [minimum 40°C 
(1 04°F)] for 1 000 h. 

(2) The average lap shear strength determined from 

these tests shall be at least 30% of the values from the 
short-term lap shear tests determined at room tempera­
ture above. 

(c) For service above 100°C (2 12°F}, the following lap 
shear tests shall be performed: 

(1) after immersion in water at a minimum of 90°C 
(194°F) for 1 000 h 

(2) after exposure in air at the required service 
temperature (Tm) for 1 000 h 

The average lap shear strength determined from this 

test shall be at least 30% of the values from the short­
term lap shear tests determined at room temperature 

above. 



Figure 405-11-2-1 
Test Specimen Geometry 
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Mandatory Appendix 405- 1 1 1  
Short-Term Pipe Spool Su rvival Test 

405-1 1 1-1 I NTRODUCTION 

This Appendix describes the test method to use to 
demonstrate that a Type A defect can be repaired 

using the Repair System. 
The purpose of this test is to confirm the Repair System 

has acceptable interlaminar shear and bond strength. It 
demonstrates the integrity of a structural repair up to the 
yield level of the original pipe. 

405-11 1-2 METHOD 

(a) The following qualification test shall be completed 

using a steel pipe of at least 150 mm ( 6 in.) diameter and a 
minimum length of 6 times the diameter in addition to the 
length of the repair. 

(b} The steel pipe shall have a minimum SMYS of 235  · 
106 N/m2 (3 5,000 psi), e.g., specification ASTM A106 
Grade 8 or  an international equivalent. 

(c) The Repair System supplier may select the depth of 
the defect, i.e., percentage of wall loss. 

( d} The Repair System shall be qualified only for defect 

depths up to this chosen depth [see ( c )] . 
(e) A defect shall be machined in the pipe to a depth 

equivalent to the wall loss for which the Repair System is 
being qualified. 

(1) The defect shall have a length, /, of a minimum of 

one-half of the pipe diameter along the axial direction of 

the pipe spool and a width, w, of one-fourth of the pipe 

diameter around the hoop direction of the pipe spool. 

(2) A radius may be machined outside the edge of the 
defect, but the dimensions of the machined area shall not 
exceed 2/ nor 2w, as shown in Figure 405-III-2-1. 

(3) To avoid stress concentrations, the interior and 
exterior corners should be machined with a radius. 

( 4) The edge of the repair shall be at least 3 times the 

pipe diameter away from the ends of the pipe spool. 
(f) The test pressure of the spool, Pfi shall be deter­

mined by calculation using eq. (III-1) 

(I I I-1) 

(g) A repair laminate shall be applied over the defect in 
the test spool and shall survive a test to the pressure Pr 

(h} The thickness of the repair shall be calculated using 
eq. (III-2), where t5 is the remaining wall thickness of the 

pipe spool at the defect and Sc is the characteristic tensile 

strength of the composite repair in the hoop direction. 
(i) Measurement of Sc shall be in accordance with 

Table 405-3.3-1. 

trepair = _.!:._( PjD - sats) Sc 2 
(I I I-2) 

OJ The repaired spool shall be pressurized to Pfi and the 

minimum time to reach P1 shall be 30 s. 

(k) Qualification requires the repaired pipe to survive 

loading to Ppnd show no visual signs of degradation when 
inspected in accordance with Table 401-5.2-1. 

Figure 405-11 1-2-1 
Defect Dimensions 

0 

I >  0/2 and w >  0/4 
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Pipe 

Machi ned area 
( including taper) 
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405- 1 1 1-3 REPORT 

A report shall be prepared giving the test conditions, 
depth of wall loss for which the repair has been qualified, 

details of the Repair System, and the pressure test result. 
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Mandatory Appendix 405-IV 
Measurement of y for Leaking Defect Calculation 

405-IV-l I NTRODUCTION 

This Appendix describes the test method for measure­
ment of the toughness parameter for the repair laminate­

to-substrate (component) interface, y, to be used in 

para. 401-3 .4.6, eqs. (13) through (16) . 

405-IV-2 METHOD 

(a) Test plates or sections of pipe of minimum diameter 
100 mm (4 in.) and minimum thickness of 3 mm (0.12 in.) 
shall be used. 

(b) To represent typical defects, circular holes shall be 

drilled through the wall thickness of the substrate and the 
repair laminate applied. 

(c) All samples shall be laminated to prevent polymer 
from entering the holes. 

(d) The test plate or pipe section used for the prepara­

tion for the test specimen shall be appropriate for the 
anticipated failure pressure of the repair. 

(e) Yielding of the test plate or pipe section prior to 

failure shall not take place. 

(f) Internal pressure shall be applied and the value at 

which the repair begins to leak shall be recorded. 
(g) The test shall be carried out at the temperature at 

which the Repair System is to be used. 
(h} Pressurization rate shall be such that the maximum 

pressure is reached in a minimum of 30 s. (Longer pres­
surization is preferred.) 

(i) A minimum of nine tests shall be carried out 

covering a minimum of three different hole sizes, typically 
of diameter 10 mm (0.4 in.), 15 mm (0.6 in.), and 25  mm 
(1 in.). 

(1) The minimum hole diameter shall be 10 mm (0.4 
in.) . 

(2) The maximum hole diameter shall be 50 mm 

(2 in.). 
(j) A maximum of one-third of the tests shall be done for 

any one hole size. 
(k) For the larger diameters, the flaw may be simulated 

by using a smaller hole and a circular polymeric release 
film of the appropriate diameter placed over the hole prior 

to application of the repair. (Films shall be pierced before 
application of the repair.) 

(/) Failures should take the form of disbandment of the 

repair laminate from the substrate followed by leaking 
from the edge of the repair laminate. 
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(1) At small hole sizes, failure can occur through 
weeping of the test fluid through the thickness of the 
repair laminate or through yielding of the substrate (pipe). 

(2) In this event, the tests shall be repeated with a 

larger hole size. 

(3) All failure points shall relate to the disbandment 
failure mechanism. 

405-IV-3 CALCULATION OF y 
(a) The value of y shall  b e  calculated by fitting 

para. 401-3.4.6, eq. (13) to the data. 
(b} The following procedure shall be followed: 

A(dJ = the function of defect size, d;, and repair lami­
nate properties of observation, i, where i = 1, n 

n = the number of observed data points [A(d;), P;)] 
P; = the pressure at failure of observation, i, where i 

= 1, n 

(c) Note that A(d;) is defined as 

P; = A(d;) fi; 

where 

A(d;) = ( 1 - v2) (-3
-d4 + !.a ) + _

3 
-d2 

E 512t;3 I 1! I 64G31t; I 

(IV-1) 

(IV-2) 

and where t; is the repair thickness of data point i. 
( d) The mean energy release rate, Ymean• shall be calcu­

lated from 

n 2 
L A(d;)P; 

(IV-3) i= l 
Ymean = n L A(d;)2 

i= l 
(e) The lower confidence limit of the energy release 

rate, YLCL• shall be calculated from 
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n 2 
L A(d;)P; 

(IV-4) n i= l _n ___ - tp L A(d;)2 L A(d;)2 
i= l i= l 

where a is the variance of measurement of pressure and is 
given by 

(IV-5) 
i=l  a = (n - 2) 

and where tv is the Student's t value and is based on a two­

sided 0.025 level of significance, i.e., 95% lower confi­
dence limit. 

(f) Values of tv are given as a function of the number of 
variables, n, in Table 405-IV-3-1.  

(g) The value of y calculated by eq. (IV-4), YLcL shall be 
used in para. 401-3.4.6, eqs. (13) through (16). 

405-IV-4 REPORT 
A report shall be prepared giving the test conditions, 
details of the Repair System, individual data points, 
and derived value of YLcL· 
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Table 405-IV-3-l 
Student's t., Value for Double-Sided 0.025 Level of 

Significance 

Number of Degrees of Freedom, Student's tv 

Variables, n n - 2  (0.025) 

5 3 3.163 

6 4 2.969 

7 5 2.841 

8 6 2.752 

9 7 2.685 

10 8 2.634 

11 9 2.593 

12 10 2.560 

13 11 2.533 

14 12 2.510 

15 13 2.490 

16 14 2.473 

17 15 2.458 

18 16 2.445 
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Mandatory Appendix 405-V 
Measurement of Performance Test Data 

405-V-l I NTRODUCTION 

(a) This Appendix defines the test methods for deter­

mining the long-term strength, s1c, of the Repair System 
(used in para. 4 0 1 - 3 .4 . 5) by using one of the test 

methods provided in section 405-V-2. 
(1) The 1 000-h data service factor shall be used ifthe 

product is qualified to the testing in para. 405-V-2.l.  
(2) The design-life data service factor shall be used if 

the product is qualified to para. 405-V-2 .1, para. 405-V-2.2, 
or para. 405-V-2.3. 

(3) If the long-term strength is determined according 
to para. 405-V-2.3, then 1 000-h survival tests shall also be 

performed, as defined in para. 405-V-2.l.  
(4) The long-term strength, s1c, may be determined 

directly from the analysis of the test data measured in 
either para. 405-V-2.2 or para. 405-V-2.3. 

(SJ F o r  t e s t i n g  p e r fo r m e d  a c c o r d i n g  t o  
para. 405-V- 2 . l , a n  initial estimate of the long-term 

strength is required, and the testing shall validate that 
initial estimate. 

(b} The service factors for repair laminates listed in 

Table 401-3.4.5- 1 shall be determined from the testing 
completed in section 405-V-2. 

405-V-2 METHODS 

(a) The test method alternatives may be one of the 

following: 
(1) survival testing where the Repair System is 

subjected to a period of sustained load for 1 000 h for 
measurement of the long-term strength 

(2) regression testing based on a series of tests on the 

Repair System over different time periods and extrapola­
tion to design life for measurement of the long-term 
strength 

(3) coupon testing based on regression testing of 
representative coupons followed by confirmation of 

long-term coupon test results with survival testing for 

measurement of the long-term strain 
(b} All tests shall be carried out at the maximum 

temperature at which the Repair System is to be used 
in service. 
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405-V-2.l Survival Testing 

(a) Pipe sections of minimum diameter 100 mm (4 in.), 

minimum D/t ratio of 20, and minimum length of 2 .5 pipe 
diameters shall be used and the Repair System applied to 

the entire length of the pipe sample. 

(b) A value of internal pressure shall be applied to 
reach the required long-term strength, Sft, as defined 
by eq. (V-1) or eq. (V-2) and sustained for 1 000 h. 

(c) If any deterioration of the repair laminate in the 
form of cracking, delamination, or leaking occurs, the 

Repair System shall have failed the test. 
( d) Three identical tests shall be performed, and Repair 

System qualification is only possible if all three tests 
survive. 

(e) The lower confidence long-term stress is calculated 
using 

(V-1) 

(f] If yielding of the substrate pipe does occur, then the 

lower confidence long-term stress, s1c. is calculated using 

(V-2) 

(g) Further guidance on survival pressure testing 
procedures may be obtained from test method ASTM 
0 1598. 

405-V-2.2 Regression Testing 

(a) Pipe spools of minimum diameter 100 mm (4 in.) 

and minimum thickness of 3 mm (0.12 in.) shall be used 

and the Repair System applied. 
(b} A series of test specimens shall be subject to 

sustained pressures of different values. 
(c) The time at which the repair laminate shows signs of 

deterioration defined as cracking, delamination, or  
leaking shall be recorded. 

( d) The results shall be plotted (log/log) and the 
required pressure determined by a regression analysis 

using the 95% lower confidence limit and extrapolation 
to design life. 

(e) The conversion from pressure to stress within the 
repair laminate for each data point shall be according to 
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(V-3) 

(fJ If yielding of the substrate does occur, then the 95% 
lower confidence long-term stress, s1c, is calculated using 

S/t = _l_(PjD - sats) (V-4) 
trepair 2 

(g) At least 18 results are required in order to carry out 

the regression analysis .  Test method ASTM 0 2 9 9 2  
provides further guidance o n  the long-term testing o f  
composite materials,  and the test methods in I S O  
14692 provide guidance on the analysis of the data 

required to calculate Stt. 

405-V-2.3 Representative Coupon Testing 

(a) Representative coupons of the repair laminate shall 
be made up and tested in a comparable manner to the 

actual Repair System laminate. 

(1) "Representative" implies the same laminate 
constituents, volume fraction, and fiber orientation. 

(2) "Comparable loading" implies the coupons shall 

be loaded identically as the in-service repair laminate (e.g., 
uniaxial tension or biaxial tension). 

(b) At least 18 coupons shall be tested under constant 

load to failure [data points in terms of number and length 
of time of testing according to test method ASTM 02990 

and test method ASTM 02992 (Procedure 8), with the 

statistical  analys i s  of data acco rding to the test 
methods provided in ISO 14692] .  
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(c) Output of these coupon tests is the regression 
grad i ent in terms of log  (either stress  o r  strain) 

against log (time) . 
( d) in addition to the representative coupon testing, the 

survival tests outlined in para. 405-V-2.1 shall be success­

fully completed. 
(e) To determine the long-term failure stress or strain 

of the Repair System, three medium-term tests pursuant 
to para. 405-V-2.1 shall be completed. 

(1) in these tests, the pressure is fixed, and the time 
to failure shall be recorded. 

(2) A test pressure should be selected so that failure 

occurs after about 1 000 h. 
(fJ The lower confidence limit (in terms of time) for 

these five survival tests shall be calculated according 

to the mean failure time minus two standard deviations. 
(g) The long-term design strength (or strain) of the 

Repair System shall be the extrapolation of the lower 
confidence limit to the design lifetime using the measured 

regression gradient from the coupon tests. 
(h) Further guidance on survival pressure testing 

procedures may be obtained from test method ASTM 

01 598. 
(i) Further guidance on long-term testing and data 

interpretation may be obtained from test method ISO 

14692 .  

405-V-3 REPORT 

A report shall be prepared giving the test conditions, 

details of the Repair System, individual data points, 

and derived performance design data. 



ASME PCC-2-2022 

Mandatory Appendix 405-VI 
Measurement of I m pact Performance 

405-Vl-l I NTRODUCTION 

This Appendix describes the test method for measuring 
impact performance. The Repair System supplier shall 
demonstrate that the repair is capable of withstanding 

the impact from a low-velocity 5-J (44.3-in.-lb) impact 
representative of a dropped tool. 

405-Vl-2 METHODS 

(a) An identical test specimen to one of the nine from 
Mandatory Appendix 405-JV shall be used. 

(b) The repair shall be subject to a 0 .5 -kg (1 .1 -lb) 

weight with a 12-mm (0.5-in.) hemispherical indentor 
dropped from a height of 1 m (39 in.). 
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(c) The test specimen shall be oriented such that the 

indentor strikes at the location of the hole on the test 
specimen. 

( d) The test specimen shall be empty for the duration of 

the impact test. 

(e) The impacted specimen shall be subject to a pres­
sure test as described in Mandatory Appendix 405-JV. 

(fJ The y value of the test shall be calculated according 
to Mandatory Appendix 405-JV. 

(g) The calculated y value shall be not less than YLcL· 

405-Vl-3 REPORT 

A report shall be prepared giving the test conditions, 

details of the Repair System, individual data points, 
and derived performance. 
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Mandatory Appendix 405-VI I 
Validation for Repair Tech nique of Leaking Com ponent 

405-Vll-l I NTRODUCTION 

This Appendix describes the testing required to validate 
the Repair System for repair of leaks of various compo­

nents. 
(a) The Repair System shall be validated after the 

successful completion of three tests on one pipe size. 
(b) Only one pipe size needs to be qualified. 

405-Vl l-2 METHOD 

(a) Sections of pipe of minimum diameter 100 mm 
(4 in.) and minimum thickness of 3 mm (0. 12 in.) shall 

be used. 
(1) A circular hole of 25 mm (1 in.) in diameter shall 

be drilled through the wall thickness of the substrate and 
the repair laminate applied. 

(2) All samples should be laminated with the holes in 
the 6 o'clock orientation. 

(3) Three tests shall be completed at ambient 

temperature. 
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(b} The repair thickness applied shall be calculated 
using Article 401 for a pressure of 1 MN/m2 (150 psig). 

(1) At least two layers of reinforcing material shall be 
used for the test. 

(2) The tested repair thickness shall be defined as n8. 
(c) Internal pressure shall be applied and the repair 

shall not fail below 3 MN/m2 (450 psig) for 10 min. 
( d) Pressurization rate shall be such that the maximum 

test pressure is reached in a minimum of 30 s. (Longer 

pressurization time is preferred.) 
(e) Qualification requires the repaired pipe to survive 

loading to 3 MN /m2 ( 450 psig) internal pressure and show 

no visual signs of degradation when inspected in accor­
dance with Table 401-3.4.4-1.  

(f) No visible leakage is the acceptance criteria. 

405-Vl l-3 REPORT 

A report shall be prepared giving the test conditions, 
details of the Repair System, and individual data points 

(final pressure of test). 
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Nonmandatory Appendix 405-A 
Glossary of Terms and Acronyms 

405-A-l GLOSSARY OF TERMS 

anisotropic: exhibiting different properties in different 
directions. 

Barco/ hardness: measure of surface hardness using a 
surface impresser. 

batch: a quantity of a material that is produced in a single 
production run or single cycle of manufacture. A batch 

may be divided into one or more lots. 

composite: a thermoset plastic (polymer) that is reinforced 

by fibers. 

continuous [fiber): unbroken fiber lengths throughout the 

structure. 

cure or curing: process of hardening a thermosetting 

polymer by an irreversible chemical reaction. 

delamination: separation of layers within a composite 
laminate or between the laminate and the host pipe. 

dent: indentation of the pipe or distortions of the pipe's 

circular cross section caused by external forces. 

design life: expected maximum service period of the repair 
under the design conditions. 

design life data: information necessary to support a 

"design l i fe"  for a repair .  This information could 
include long-term strength, long-term modulus, cyclic 
fatigue, chemical exposure, temperature, and impact 

and abrasion resistance. 

differential scanning calorimetry: method of determining 
the glass transition temperature of a thermosetting 

polymer. 

disbandment: separation of the laminate from the 

substrate. 

glass transition temperature: temperature at which a 

polymer undergoes a marked change in physical proper­

ties. 

hardener: component added to a polymer resin to affect 
cure (curing agent). 

heat distortion temperature: temperature at which a stan­
dard test bar deflects a specified amount under a given 

load. 

laminate: the part of a Repair System that is the composite. 
Most composites considered in this document are 

composed of  discrete lamina or  layers, which are 
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wrapped or stacked, one on top of  the other.  This 
stacked construction is the "laminate." 

leak: this does not refer to a fluid leaking through a hole or 
breach in the pipe. Rather, this refers to a condition of a 

pipe (substrate) wall that could or does allow the contents 

of a pipe to make contact with and act directly upon the 
(composite) repair laminate. 

load transfer material: material used to repair external 
surface imperfections prior to the application of compo­

site laminate. 

may: indicates an action that is permitted but not required. 

mechanical damage: damage to the pipe surface caused by 

external forces. Mechanical damage includes features such 

as creasing of the pipe wall, gouges, scrapes, smeared 
metal, and metal loss not due to corrosion. Cracking 
may or may not be present and denting of the pipe 

may or may not be apparent in conjunction with mechan­

ical damage. 

modified qualified Repair System: a Repair System, devel­
oped by modifying one or more elements of a previously 

qualified Repair System, for which the qualification testing 
recommended by Nonmandatory Appendix 405-B has 

been completed. 

owner: the company or entity that owns or is responsible 
for the substrate being repaired. 

pipeline: pipe with components (e .g., bends, flanges, 
valves) subject to the same design conditions and typically 

used to transport fluids between plants, usually buried. 

pipework: interconnected piping subject to the same set or 

sets of design conditions. 

piping: assemblies of piping components (e.g., pipe, 

fittings,  flanges,  gaskets, bo lting, valves) used to 

convey fluids within a plant, often above ground but some­
times buried. 

plain dent: dent that varies smoothly and does not contain 

creases, mechanical damage, corrosion, arc burns, girth, or 

seam welds. 

ply: a single wrap or layer (lamina) of a repair laminate. 

polymer system: all of the components that make up the 
matrix (plastic or polymer) portion of a composite. Often 

this is a resin, filler(s), pigment, mechanical property 
modifiers, and catalyst or hardener. 
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postcure: additional elevated temperature cure. 

qualified Repair System: a Repair System for which the 
qualification testing mandated by this Article has been 

completed. 

reinforcement: a high-strength fiber imbedded in the 

plastic (polymer), resulting in mechanical properties 
superior to those of the base polymer. 

resin system: all of the components that make up the matrix 

(plastic or polymer) portion of a composite. Often this is a 

resin, filler(s), pigment, mechanical property modifiers, 
and catalyst or hardener. 

risk: a term encompassing what can happen (scenario), its 

likelihood (probability), and its level of damage ( conse­
quences). 

shall: indicates an action that is mandatory and an essen­
tial element of the repair method that cannot be elimi­

nated. 

Shore hardness: measure of surface hardness using a 
surface impresser or durometer. 

should: a word used to indicate an action that is not man­
datory. It indicates an action that when performed, is 

generally considered to be good practice; however, 

there are some circumstances when the action is not 
appropriate or required, so the word should is used to 

provide flexibility for the article to cover a broad 

range of circumstances. It is not mandatory unless so 
specified by others in the application of these articles. 

substrate: the original component to be modified. 

supplier: the company or entity taking responsibility for 
testing and qualifying a Repair System; usually the manu­

facturer, but possibly a provider of private-relabeled 
product. 

thermoset polymer: plastics that cannot be resoftened 

following polymerization. 
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405-A-2 GLOSSARY OF ACRONYMS 

405-A-2.l Organizations 

AP! American Petroleum Institute 

ASME The American Society of Mechanical Engineers 

ASTM American Society for Testing and Materials 

AWWA 

BS (BS!) 

COSHH 

CSWIP 

ISO 

OSHA 

(ASTM International) 

American Water Works Association 

British Standards Institute 

Control of Substances Hazardous to Health 

Certification Scheme for Welding Inspection 
Personnel 

International Standards Organization 

Occupational Safety and Health 
Administration 

405-A-2.2 Terms 

ABS 

DSC 

FRP 

HOT 

IDLH 

MAWP 

MOP 

MSDS 

NOT 

PD 

PVC 

SMYS 

UV 

Acrylonitrile-butadiene-styrene 

Differential scanning calorimetry 

Fiber-reinforced plastic/polymer 

Heat distortion temperature 

Immediately dangerous to life or health 

Maximum allowable working pressure 

Maximum operating pressure 

Materials Safety Data Sheet 

Nondestructive testing 

Pressure directive 

Polyvinyl chloride 

Specified minimum yield strength 

Ultraviolet 
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Non mandatory Appendix 405-B 
Retesting Requirements for a Modified Qualified Repair System 

405-B-1 GENERAL 

(a) It is common for a Repair System supplier to 

develop a modified composite Repair System by changing 
selected elements of an existing Repair System. 

(b) This Appendix provides, in Table 405-8-1-1, some 

general guidance regarding the minimum amount of 
retesting that should be performed for requalification 
when a Repair System is developed by changing an 

element of an existing Repair System. 

405-B-2 MODIFIED REPAIR SYSTEM 

If an element of an existing Repair System has been 
changed in order to develop a modified Repair System, 
then the amount of retesting for requalification should 

include the retesting recommended in Table 405-8-1 -1  
in  relation to  each of  the modified elements. 
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405-B-3 ENGINEERING JUDGMENT 

(a) It is impossible for the ASME Post-Construction 

Committee to conceive, in advance, of all the many 
p ossible ways in which a particular Repair System 

supplier may develop a new Repair System by modifying 

an element of a specific existing Repair System or to 
predict precisely how each change of an element of a spe­

cific Repair System may affect its performance. 
(b) Performing the recommended retesting identified 

in Table 405-8-1-1 does not necessarily imply that the 

new Repair System has been requalified adequately. 

(c) W h i l e  t h e  r e t e s t i n g  r e c o m m e n d e d  i n  
Table 405-8 - 1 - 1  i s  necessary for requalification, in 
some situations, it may not be sufficient. 

( d) It is solely the responsibility of the Repair System 

supplier to judge whether any additional retesting beyond 
that recommended in Table 405-8-1-1 may be needed for 

a new Repair System to become requalified adequately. 
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Table 405-8-1-1 
Recommended Testing for Requalification of a Modified Qualified Repair System 

Modified Component Illustrative (Nonlimiting) Examples Minimum Recommended Retesting 

Substrate The Repair System has been qualified for Lap shear adhesion strength (e.g., 
use on stainless steel pipes by using a temperature, aging) 
representative stainless steel type of Cathodic disbondment (only for use with 
material during initial qualification cathodically protected pipes) 
testing. The manufacturer now wants to 

Impact performance and energy release rate qualify it for use on carbon steel pipes 
by using a representative carbon steel (only if to be used for leak repairs) 

material in additional testing. 

Surface preparation A specific surface cleaning procedure Lap shear adhesion strength (e.g., 
had been used during initial temperature, aging) 
qualification testing. The Repair System Cathodic disbondment (only for use with 
supplier now wants to change the surface cathodically protected pipes) 
cleaning procedure. 

Impact performance and energy release rate 
(only if to be used for leak repairs) 

Matrix polymer of composite material An epoxy matrix polymer had been used Consider the modified composite material to 
during initial qualification testing. The be a completely new composite material. 
Repair System supplier now wants to Repeat the complete qualification testing 
qualify a version of the product using program stipulated by this Article. 
a polyurethane matrix polymer or 
a different epoxy formulation. 

Auxiliary ingredients with a role The type and/ or amount of a pigment, thixotrope, Uniaxial tension (both in-plane directions) 
primarily in the manufacturing etc., is modified. (Add an Hardness 
process used in matrix example of procurement source.) T9 or HOT polymer formulation 

Energy release rate 

Lap shear 

Shear modulus 

Auxiliary ingredients with a role An ingredient such as a fire retardant, Uniaxial tension (both in-plane directions) 
primarily in affecting the end-use impact modifier, curing agent (which Hardness 
performance used in matrix results in a different molecular 
polymer formulation architecture for the cured thermoset T9 or HOT 

network), etc., is incorporated, or its type Energy release rate 
and/or amount (in weight percent or Lap shear 
volume percent) is modified. 

Shear modulus 

Additional testing that may help assess the 
intended type of effect of the ingredient (e.g., 
fire retardancy testing if a fire retardant has 
been added or impact performance testing if 
an impact modifier has been added) 

Fiber type used in composite material Fiberglass had been used during initial Consider the modified composite material to 
qualification testing. The Repair System be a completely new composite material. 
supplier now wants to qualify a version Repeat the complete qualificaiton testing 
of the product using carbon fibers. program stipulated by this Article. 

Fiber orientation used in composite A particular biaxial orientation state had Uniaxial tension (both in-plane directions) 
material been used during initial qualification Short-term spool survival test 

testing. The Repair System supplier now wants 
Energy release rate to qualify a version using a 

substantially different biaxial orientation state 
or uniaxial orientation. 

lnterlaminar adhesive in a composite A particular epoxy polymer had Lap shear adhesion strength (e.g., 
material using precured plies been used during initial qualification temperature, aging) 

testing. The Repair System supplier now Cathodic disbondment (only for use with 
wants to qualify a version using cathodically protected pipes) 
a different epoxy polymer. 

Impact performance and energy release rate 
(only if to be used for leak repairs) 
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Table 405-8-1-1 
Recommended Testing for Requalification of a Modified Qualified Repair System (Cont'd) 

Modified Component Illustrative (Nonlimiting) Examples Minimum Recommended Retesting 

Compressive modulus at the maximum 
intended use temperature of the Repair 
System 

Short-term spool survival test 

Load transfer material A particular epoxy polymer had Measure compressive strength and modulus 
been used during initial qualification of new load transfer material at the 
testing. The Repair System supplier now maximum intended use temperature of the 
wants to qualify a version using a Repair System 
different epoxy polymer. Perform a short-term spool survival test 

Primer layer A particular type of primer layer had Lap shear adhesion strength (e.g., 
been used during initial qualification temperature, aging) 
testing. The Repair System supplier now wants Cathodic disbondment (only for use with 
to qualify a version using a different primer cathodically protected pipes) 
layer. 

Impact performance and energy release rate 
(only if to be used for leak repairs) 

Application method The Repair System was installed manually Short-term pipe spool survival test with 
during initial qualification testing. The samples prepared by modified process 
Repair System supplier now wants to Cathodic disbondment (only for use with 
qualify an installation method where the cathodically protected pipes) 
installer is helped by a machine that provides 

Impact performance and energy release rate some degree of automation to the installation 
process. (only if to be used for leak repairs) 

Curing protocol A particular range of thermal history Hardness 
(time and temperature of curing) had T9 or HOT 
been used for curing during initial 
qualification testing. The Repair System 
supplier now wants to qualify the use of a 
different range of thermal history for curing. 

GENERAL NOTE: Engineering properties and test method standards are defined in Table 405-3.3-1 .  
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PART 5 
EXAMI NATION AN D TESTI NG 

Article 501 
Pressu re and Tig htness Testing of Piping and Equipment 

501-1 DESCRIPTION 

(a) This Article provides general good practice for 

determining the type of test, the test pressure, and the 

procedure for pressure and tightness testing of pressure 
equipment, including tubular heat exchangers, pressure 

vessels, and piping systems. This Article is intended for 
use when 

(1) a complete vessel or system is to be pressure 
tested 

(2) a pressure vessel or system is isolated such that 
pressure testing is completed on a portion of the pressure 

vessel or system. For selection oftest devices for localized 
pressure testing of welded repairs of piping systems, see 

Article 503. 
(b} General information regarding the various types of 

tests to choose from is provided, including application, 
benefits, and limitations. 

(c) Refer to individual repair articles of this Standard 

for any pressure or leak testing requirements or recom­
mendations that should be followed. 

501-2 LIMITATIONS 

(a) Part 1 of this Standard contains additional require­
ments and limitations. This Article shall be used in 

conjunction with Part 1. 
(b} This Article shall be limited to use for field pressure 

or tightness testing of existing equipment and piping using 
either of the two fluid mediums, liquid or gas. 

(c) This Article shall not be used for vacuum testing of 
equipment or piping. 

( d} This Article addresses pneumatic testing. Pneu­

matic testing is potentially much more hazardous than 
hydrostatic testing due to the higher levels of potential 
energy in the pressurized system; therefore, all reason­

able alternatives shall be considered before this option 

is selected. 
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501-3 DESIGN 

501-3.1 Definitions (22) 

See para. 101-3.2 for definitions. 

501-3.2 Reasons for Pressure and Tightness 
Testing 

(a) The primary purpose of performing a pressure test 

is to verify the integrity of a pressure system. This is espe­
cially true when welded repairs or alterations have been 

performed on the pressure boundary. Pressure and tight­

ness testing are not substitutes for proof testing a design. 

(b J Pressure or tightness tests can be used to check for 
pressure system leakage, especially in flanged joints. 

Tightness tests may be performed in conjunction with 

the pressure test. 
(c) Hydrostatic pressure testing can provide some 

mechanical stress relieving. This is accomplished when 

local regions of high stress, such as at stress concentra­
tions and crack-like imperfections, undergo local yielding 

during the pressure test. Release of pressure then 
produces compressive residual stress in these regions, 

such that when pressure is reapplied, the operating 
stress is less than would have occurred otherwise. This 

can help mitigate the risk of brittle fracture when it is 

a consideration. Subsequent operation, especially at 
elevated temperatures, can reduce or eliminate any 
stress-relief benefit or brittle fracture control. Hydrostatic 
pressure testing does not eliminate the need for postweld 

heat treatment, whether required by the applicable 

construction code or by the user's requirements. See 
also para. 502-1.7 . 

( d} The use of a device to isolate and test a weld inde­
pendently of the complete pressure vessel or system may 
be considered when pressure testing at a full test pressure 

in accordance with section 501-6 is required (see para. 
5 0 1 - 3 . 3 ) . It should be noted that use of devices to 

isolate and test a weld should be used in conjunction 
with activity-appropriate welding controls, in-process 

weld examinations, and N O E  (see Article 5 0 2) .  For 
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selection of test devices for localized pressure testing of 

welded repairs of piping systems, see Article 503. 

(e) Tightness testing may be considered when struc­
tural integrity does not need to be verified but leak tight­
ness must be verified prior to start-up. 

(f) Jn-service leak testing can be considered when 

structural integrity does not need to be verified and 

the consequences of a leak during start-up are acceptable, 
or when permitted by the applicable construction code or 

post-construction code. 

501-3.3 Test Type Selection 

The requirement for pressure testing can be found in 
the applicable construction code or post-construction 
c o d e .  W h e n  no t e s t  is s p e c i fi ca l l y  r e fe r e n c e d ,  

Figure 5 0 1 - 3 . 3 - 1  shall be used t o  determine the type 
of test to be performed. 

501-3.4 Pressure Test - General 

(a) A pressure test of equipment or a piping system 
should be considered if an alteration or repair has 

been performed, the equipment has been rerated, or it 
needs to be recertified to determine integrity. 

(b) A pressure test may not be required for rerating 

equipment using a higher allowable stress since the 
original pressure test could be higher than the test pres­
sure required for rerating. 

(c) Pressure testing [or alternatively, tightness testing; 

see para. 501-6.3(a)] should be considered during routine 

inspections and after cleaning operations when the integ­
rity of tube-to-tubesheet joints is in question. Following 

the completion of the pressure test, the tubes should be 
inspected for buckling that may have occurred. 

501-3.4.1 Exclusions From Hydrostatic Test. Pressure 

testing should be performed hydrostatically unless one of 
the following conditions apply: 

(a) The equipment, piping, and/or supports, including 
foundations, cannot adequately support the liquid weight. 

(b J The equipment or piping cannot be dried and traces 

of the test liquid may result in contamination of the system 
or its contents after returning to service. 

(c) The equipment or piping contains internal linings 
that could be damaged by the test medium. 

501-3.4.2 Pneumatic Test Conditions. If a hydrostatic 
test cannot be performed per para. 501-3.4.1, then a pneu­

matic pressure test should be considered. 

(a) If a pneumatic pressure test would present unac­
ceptable hazards, such as risk of brittle fracture at the 

metal test temperature, then a substitute for pressure 
testing should be developed. 

(b) See para. 501-6.2(d) for information regarding the 
need for risk analysis. 
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501-3.4.3 Localized Pressure Testing Considerations 

(a) Use of a test device for localized pressure testing 
may be considered when any of the following conditions 
exist: 

(1) Other welds in the system under consideration 
have already been tested or are exempt from testing. 

(2) Brittle fracture may be a consideration. 

(3) There is a need to minimize the number of 
flanged joints to disassemble for the purpose of installing 

isolation blind flanges. 
(4) There is a need to minimize the amount of test 

fluid and/ or avoid contamination of process items in the 
system, such as catalyst, linings, refractory, or other 

process equipment. 
(SJ Complete isolation is not possible or practicable, 

such as when a piping system is welded directly to the 

nozzle of a pressure vessel. 
(6) Sole use of radiographic testing (RT) or other 

volumetric examination is not desired or practicable. 

(7) There is a need to minimize the amount of insu­
lation abatement and reinstallation. 

(8) There are potential consequences or additional 
risks associated with test fluid remaining in the system 

following completion of a pressure test. 
(9) There is a need to minimize disassembly and/or 

removal of system components. 
(1 0) A repair  versus an alteration has  b e e n  

performed. (See Article 5 0 2  for information o n  repair 

and alteration.) 

(b) Test devices for localized pressure testing shall be 
selected and installed in accordance with Article 503 . 

501-3.4.4 Nondestructive Examination Considera­
tions. Nondestructive examination may be considered 
in lieu of pressure testing to verify repairs or alterations 

in some instances (see Article 502).  This may require the 
use of tightness testing as well. 

501-3.5 Documentation 

A pressure test record form should be prepared prior to 
the pressure test and completed upon acceptance of the 
test by the owner or the owner's designated representa­

t i v e .  A s a m p l e  r e c o r d  f o r m  i s  p r o v i d e d  i n  
Mandatory Appendix 501-1. 

501-4 FABRICATION 

Within the context of this Article, this section is not ap­
plicable. 

501-5 EXAMI NATION 

Visual examination shall be performed during the pres­
sure, tightness, or in-service leak test to determine if any 

leakage is occurring during the test. When visual exam­
ination is not possible, e.g., with underground piping, 

monitoring of system pressure for pressure drop 
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during tightness or in-service leak test may be substituted 
when approved by the owner. See paras. 501-6.1 (t) (8) and 

501-6.2.1, Step 3 (c) regarding safety practices. 

501-6 TESTING 

501-6.1 Hydrostatic Pressure Test of Pressure 
Vessels or Piping Systems 

(a) The fabrication and in-service inspection records 
along with any necessary operational records should 
be reviewed prior to testing to determine if the pressure 

component/system has experienced a credible damage 
mechanism. Consideration should be given to how 

each mechanism could manifest itself during a pressure 
test. See section 5 0 1-7 for references that provide consid­
erations for damage mechanisms. 

(1) The inspection records should be reviewed for 

thinning beyond the specified limit. I f  thinning has 
occurred beyond the specified corrosion allowance, an 

engineering evaluation shal l  be pe rformed us ing  

current inspection data. 
(2) The material may have been subjected to damage 

due to temperature or process exposure. If evidence of 

damage is found by inspection, an engineering evaluation 
shall be performed using current inspection data. 

(3) The component/system may have been damaged 

by mechanical means such as high vibration. Considera­
tion should be given to analyzing the system for areas 

where damage could occur and then inspecting these 
areas prior to testing to look for evidence of damage. 

(b J In order to reduce the risk of brittle fracture during 
the test, the temperature of the metal during the pressure 

test of pressure vessels should be maintained at a 
minimum of l 7°C (3 0°F) above the minimum design 
metal temperature (MDMT) (as shown on the Manufac­

turer's Data Report). 
(1) Ifthe MDMT is unknown, the minimum allowable 

temperature (MAT) of the component or system should be 

determined using a fitness-for-service evaluation. 
(2) If a vessel made of low-alloy steel has been 

subjected to thermal treatment or service temperatures 

over 3 70°C (700°F), an upward shift in the ductile-to­

brittle transition temperature may have occurred. This 

loss of toughness may not be readily apparent during 
operation; however, the vessel may be susceptible to 

brittle fracture. Therefore, the temperature used for 
the pressure test may need to be determined by a 

fitness-for-service evaluation. 

(c) When pressure testing piping systems, the ambient 
temperature should be greater than 2°C (3 5°F). When 

pressure testing at colder temperatures, the use of an anti­

freeze solution should be considered as the test medium to 
prevent freezing; however, the metal temperature should 

be kept above the ductile-brittle transition temperature. 
Additional guidance regarding pressure testing at cold 
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temperatures may be found in the references listed in 
section 501-7. 

( d) The vessel and its supports and the foundation and/ 
or the piping system and its supports and support struc­
tures should be evaluated to determine if they will 

adequately support the weight of the test medium. 
(e) Pressure gauges used for recording test pressures 

should be calibrated and located at the highest point on the 

vessel or on the piping system. The gauges should meet the 
requirements of ASME PTC 19.2 or similar gauge perfor­

mance standard, and be corrected as required to compen­
sate for the static head present in the system. 

(f) Vents shall be provided at the high points of the 

vessel  and/or piping system to purge air from the 
tested component while it is being filled. 

(g) The vessel or piping system shall be evaluated for 
components that will not withstand the test pressure or 

will otherwise interfere with a pressure test. Examples of 
these components include orifice plates, flow nozzles, 

control valves, expansion joints, etc. 
(h} An evaluation for the need of overpressure relief 

devices shall be performed. The set pressure of a pressure 

relief device should be no more than the lesser of: 
(1) the test pressure plus 345 kPa (50 psi), or 
(2) 1 10% of the test pressure 

(i) Consideration shall be given to proper disposal of 
the test water, as it may contain residual traces of the 

system contents. 

OJ Pressure testing should be completed prior to insu­

lating. Welds or other joints that have previously been 
pressure tested can be insulated or otherwise covered 
when agreed to by the owner-user. 

(k) Pressure testing should be completed prior to 

painting weld j o ints,  unless  the weld j o ints were 

previously tested. Documented test results indicate 
various types of paint will retain pressure during a pres­
sure test when covering a through-wall "pinhole." When 

deciding whether or not welds may be painted prior to 
pressure testing, the following should be given considera­
tion: 

(1) the paint system(s) being used and its ability to 
mask a potential leak 

(2) the probability that the process fluid(s) will act as 
a solvent on the paint system if a pinhole is present, thus 

increasing the potential for a leak to occur 
(3) the effect on nearby equipment or personnel if a 

leak occurs 
( 4 J the cost of performing repairs in the field if such a 

failure occurs 

(/) It is not required for the inspector approving the 
hydrostatic pressure test to be certified per SNT-TC- lA 

for Leak Testing or Visual Examination; however, the 

inspector should have the authority to stop a pressure 

test when deemed necessary to do so. Dedicated lines 
of communication should  be in place between the 
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inspector having oversight authority and all other person­

nel performing the pressure test. 

(m) The test pressure of a hydrostatic pressure test of 
pressure vessels or heat exchangers should be according 
to the original construction code, considering also any 
subsequent engineering analysis as deemed necessary. 

(n) When the requirements of the original construction 

code are not available, the test pressure for a hydrostatic 
pressure test for pressure vessels or heat exchangers shall 

be the lesser of (1) or (2) below. 
(1) Equation (1) 

(1) 

where 

1.3 test factor 

P = maximum allowable working pressure from 
the Manufacturer's Data Report, or the value 
to which the vessel is being rerated 

Pc = test pressure to be used, measured at the top 

of the vessel in its normal operating position 
Sat = allowable stress at test temperature from the 

applicable construction code for the material 

of which the component under consideration 
is constructed 

sdt = allowable stress at design temperature from 

the applicable construction code for the 
material of which the component under 
consideration is constructed 

Sat!Sdt = ratio of allowable stresses; the lowest value 
shall be used in eq.  (1 )  for all materials 

considered 

(2) A pressure equal to that which results in an 
applied general primary membrane tensile stress equal 

to 9 0 %  the specified minimum yield stress at test 
temperature of carbon steel material, or 100% of austen­
itic steel material. Values for yield strengths for some 

materials are provided in ASME 8PVC, Section II, Part D. 
(o) The test pressure for a hydrostatic pressure test for 

piping systems should be specified by the owner and 

should be according to the original construction code. 
(p) When the requirements of the original construction 

code are not available, the test pressure for a hydrostatic 

pressure test for piping systems should be specified by the 

owner and should be at least 

(2) 

where 

1.5 test factor 
P = internal design pressure of the piping system 

Pc = test pressure to be used, measured at the 

highest point of the piping system in its 
normal operating position 
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Sac = allowable stress at test temperature from the 
applicable construction code for the material 

of which the component under consideration 

is constructed 
Sdt = allowable stress at design temperature from 

the applicable construction code for the 

material of which the component under 

consideration is constructed 
Satf Sdt = ratio of allowable stresses; the lowest value 

shall be used in eq.  (2) for all materials 

considered 

The resulting stress due to test pressure, Pc, shall be 
limited to 100% of yield strength, Sy. 

( q) If the design pressure of the piping system cannot 
be verified, the value for Pin eq. (2) may be the lesser of (1) 

or (2) below normalized to the highest point of the piping 
system. 

(1) The working pressure at design temperature for 
flanges in the piping system from ASME 816.5 or other 

applicable standard. 
(2) The maximum allowable pressure calculated for 

the limiting component of the piping system. 
(3) The test pressure should not exceed that which 

results in an applied general primary membrane tensile 

stress greater than 100% the specified minimum yield 
stress at test temperature. Yield strengths at ambient 
temperature may be found in ASME 831 .3  or other appli­
cable construction code.  Yield strengths at higher 

temperatures may be found in ASME 8PVC, Section II ,  
Part D. 

(r) Pressure testing of a piping system through equip­
ment is not recommended. Piping may be tested with a 
pressure vessel ifit is impractical to isolate the piping from 
the vessel, the test pressure of the piping is equal to or less 

than the test pressure of the vessel and the vessel and its 
supports will adequately support the weight of the test 
liquid. 

If the test pressure of the piping exceeds the test pres­

sure of the vessel, the vessel test pressure can be used, 

provided it is at least 77% of the piping test pressure; 

otherwise the piping should be isolated from the pressure 
vessel and pressure tested independently. 

(s) Piping systems that operate at atmospheric pres­
sure may be leak tested by filling with test liquid only. 

(t) The items specified in (1) through (9) below should 

be considered when developing hydrostatic pressure test 
procedures for vessels or piping systems. 

(1) All equipment and/or piping to be tested should 
be verified as being clean of dirt, weld slag, construction 

debris, or other unacceptable foreign matter. 
(2) Items identified in (g) should be removed. 
(3) All spring supports in vapor service lines should 

be protected with adequate travel stops to prevent over­

loading during the pressure test. 



ASME PCC-2-2022 

(4) Temporary supports should be provided for 

piping and/or piping supports that have not been 
designed to support the weight of the test liquid used 
for hydrostatic pressure test. 

(SJ The use of salt or brackish water should be 
avoided. Test water should be free from sediment and 

corrosive substances. 

(6) The test water should be verified to be free of 
microbes. If the water contains an unacceptable level 

of microbes, it should be disinfected. 
(7) Test water used for austenitic steel vessels or 

piping systems, or for components clad or overlaid 

with austenitic stainless steel, should be condensate, 
demineralized, or of potable quality, with a verified 
chloride content of less than 50 ppm. 

(8) Following a hold-time of a minimum of 10 min 
the pressure should be reduced by 30%, or to the internal 
design pressure, whichever is lower, and a visual exam­
ination for evidence of leaks at locations such as flanges, 
weld joints, threaded connections, and any repaired loca­
tions should be conducted. 

(9) Test liquid should be drained immediately after 

completion of the hydrostatic test. Care should be exer­
cised to provide proper venting to prevent the creation of 

internal negative pressure (vacuum) during draining. 
(-a) Pressure vessels and/or piping systems that 

will hold the test water for more than 10 days, whether or 

not the test liquid is pressurized, should be treated with a 

corrosion inhibitor and biocide. A corrosion engineer 

should be consulted. 

(-b J Iffurther drying is necessary, the use of hot air 
or hot nitrogen should be considered. 

(-c) If complete drainage of austenitic stainless 

steel vessels and/or piping systems is not possible, the 
components should be flushed with low-chloride (less 
than 5 ppm) water. 

(1 0) After completion of the test, the vessel and/or 
piping system should be restored to its operating condi­
tion. This includes, but is not limited to, (-a) through (-f) 

below. 
(-a) All flanged joints blinded for pressure testing 

should be reassembled with new gaskets and tightened in 

accordance with applicable specifications. Consideration 
should be given to ASME PCC-1. 

(-b) All strainers contained in the piping system 

should be removed, cleaned, and reinstalled. 
(-c) Temporary travel stops installed in spring 

supports should be removed. 
(-d) Vent and b leed connections  that were 

installed for testing purposes only should be plugged 

using materials and methods per the applicable specifica­
tion. Consideration should be given to seal welding when 

necessary. 
(-e) Relief or safety valves that were isolated for 

the test shall have the isolating devices (e.g., gags, slip 

blinds, etc.) removed. 
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(-f) Expansion joints that were locked to  prevent 
damage during the pressure test shall be unlocked. 

501-6.2 Pneumatic Pressure Test of Pressure (22) 
Vessels or Piping 

(a) When a hydrostatic pressure test cannot be 

performed per para. 501-6.1 (see para. 50 1-3.4.1), a pneu­

matic pressure test may be performed. 
(b) Nitrogen should be the test medium since it cannot 

support combustion. Alternatively, clean, dry, oil-free air 
meeting the requirements of Class 1, 2, or 3 air per ISO 
8573 -1 :2010 should be used with a dew point ranging 

from -20°C to - 70°C (-4°F to -94°F). Caution should 
be used when introducing air into any system that 
cannot be verified as being free of hydrocarbons, since 
this could result in  the formation of  an explos ive 
mixture. When necessary, the design service fluid can 

be used for pneumatic pressure testing. 
(c) The fabrication and in-service inspection records, 

along with any necessary operational records, should be 
reviewed prior to testing to determine if the pressure 

component/system has experienced a credible deteriora­

tion mechanism. Consideration should be given to how 
each mechanism could manifest itself. 

(1) The inspection records should be reviewed for 
thinning beyond the specified limit. If thinning has 
occurred beyond the specified corrosion allowance, an 

engineering evaluation shall be performed. 
(2) The component/system may have been damaged 

by mechanical means such as high vibration. Considera­

tion should be given to inspecting the entire system prior 
to testing to look for evidence of damage. 

(d) Components fabricated from brittle materials such 
as cast iron and ductile iron shall not be pneumatically 

pressure tested unless the following requirements are 
adhered to: 

(1) the pressure test does not exceed MAWP 
(2) additional NOE, such as Acoustic Emission (AE) 

testing, is performed along with the pressure test 

(3) the procedures from para. 501-6.2.1 are followed 
(e) The maximum calculated stored energy of any 

vessel or piping system being pneumatically pressure 
te sted s hould not be greater than 2 7 1  0 0 0  0 0 0  J 
(200,000,000 ft-lb) . When calculating the stored energy 
fo r a vessel ,  the total volume shall b e  considered.  

When calculating the stored energy of a piping system, 

a maximum volume based on a length of8 pipe diameters 

may be considered for any single failure analyzed. 
(f] If the calculated stored energy is greater than 271  

000 000 J (200,000,000 ft-lb), then one of the following 

shall occur: 

(1) The system shall be divided into smaller volumes 
such that each subsystem has a stored energy not greater 
than 271  000 000 J (200,000,000 ft-lb). 
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(2) A minimum distance shall be calculated per 
Mandatory Appendix 501-111, eq. (III-1), and this distance 

shall be adhered to. 
(3) A barricade per (h) shall be installed. 

(g) A deta i led  hazard ana lys i s  s h o u l d  a l s o  b e  
performed to evaluate the risk associated with the 

r e l e a s e  o f  s t o r e d  e n e r g y .  S e e  

Mandatory Appendix 501-IV for considerations relative 
to risk evaluation. Factors to consider in this analysis 

should include: 
(1) any damage mechanisms identified by review of 

fabrication or in-service inspection records along with 

operational records 

(2) the MDMT of the components being pressure 
tested, and its relative comparison to the test temperature 

to address the risk of brittle fracture 
(3) the stress level of the system while undergoing a 

test 

(4) the amount of nondestructive examination 
performed on welds that have not previously been 
subjected to a hydrostatic or pneumatic pressure test 

(5) other simultaneous inspection methods being 
performed during the pressure test such as acoustic emis­

sion (AE) testing 
(6) pressure wave from potential blast 
(7) size of potential fragments resulting from failure 

of system, distance of travel, and existence of barriers 

sufficient to stop fragment projectiles 
(h) For pressure tests where the risk of injury from 

potential fragments, shock waves, or other consequences 

of any pressurized system failure is determined to be un­
acceptable, a limited access area and pressure control 
point should be established. The minimum distance 

from the boundary of this area to the pressurized compo­
nent should be calculated according to the procedure of 
Mandatory Appendix 50 1-II I. 

When the s p a c i n g  r e q u i r e m e nts  d e s c r i b e d  i n  
Mandatory Appendix 501-II I  are not achievable, consid­
eration should be given to the design, fabrication, and 

installation of an alternative barricade capable of with­
standing the blast of stored energy within the system. 
See also ( e) . 

(i) Overpressure relief protection shall be provided. 
The set pressure of a pressure relief device should be 

not more than the greater of 
(1) the test pressure plus 70 kPa (10 psi), or 

(2) 1 10% of the test pressure 
UJ The test pressure for a pneumatic pressure test for 

equipment should be according to the original construc­

tion code, considering also any subsequent engineering 
analysis as deemed necessary. 

(k) If the requirements of the original construction 

code are not available, the test pressure for a pneumatic 
pressure test for pressure vessels shall be 
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(3) 

where 
1 .1 test factor 

P = maximum allowable working pressure from 

the Manufacturer's Data Report. If unknown, 

use the vessel's design or rated pressure. 
Pt = test pressure to be used 

Sat = allowable stress at test temperature from the 
applicable construction code for the material 

of which the component under consideration 
is constructed 

Sdt = allowable stress at design temperature from 
the applicable construction code for the 

material of which the component under 

consideration is constructed 
S0tf Sdt = ratio of allowable stresses; the lowest value 

shall be used in eq. (3) for all materials 
considered 

(/) If the requirements of the original construction code 
are not available, the test pressure for a pneumatic pres­
sure test for piping systems shall be 

where 

1 .1  test factor 

Pt = 1 .1 x P (4) 

P internal design pressure of the piping system 

Pt test pressure to be used 

(m) The stored energy of the equipment or piping 
system under pneumatic pressure should be calculated 
and converted to equivalent pounds of TNT (Trinitroto-

1 u e n  e )  u s i n g  t h e  e q u a t i o n s  s h o w n  i n  
Mandatory Appendix 501-1 1. The value calculated may 

be used for alternative safe distance calculations as per 

Mandatory Appendix 501-III .  The minimum safe distance 
shall be the greater of the distance required by para. 

501- I I I- l (a) or as calculated by Mandatory Appendix 
5 0 1 - I I I , eq. ( 1 1 1 - 1 ) . S e e  a lso  Mandatory Appendix 

5 0 1-I I I ,  Table 5 0 1 -I I I -2 -1  when fragments are to be 
considered. 

Risk evaluation may also be required; see (d) and 
Mandatory Appendix 501-IV. 

501-6.2.1 Pneumatic Test Procedures. The items 

specified in Steps 1 through 5 should be considered 
when developing pneumatic pressure test procedures 

for vessels or piping systems. 
Step 1. See (a) through (e) of this Step. 

(a) Raise pressure to the lesser of 1 70 kPa (25 psi) or 
25% of test pressure. 

(b) Block in supply and hold for 10 min. 
(c) Visually inspect system for leaks. 

(d) If leaks are discovered, release pressure, repair, 
and return to Step 1.  
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(e) If no leaks are discovered, proceed to Step 2. 
Step 2. Gradually increase system pressure to SO% of 

the test pressure as follows: 
(a) Increase pressure in Step 1 by 3SO kPa (SO psi) or 

to 3S% test pressure, whichever is greater. Hold for a 
minimum of 3 min to allow strains to equalize. Continue 

to increase by 3 S O  kPa (SO psi) increments until the 

system pressure is at SO% test pressure. 
(b) Hold at SO% test pressure for a minimum of 10 

min. Observe pressure gauge for loss of system pressure. If 
pressure loss exceeds 10% of test pressure, the system 
pressure should be reduced to 2S% test pressure and 

the system checked for leaks. 

(c) If no loss of pressure is detected, subject to 
approval of the inspector, proceed to Step 3. 

Step 3. See (a) through (c) of this Step. 
(a) Gradually increase system pressure in incre­

ments of 10% of test pressure.  At each increment, 
block supply and observe pressure gauge for S min. 

If pressure loss is observed, reduce pressure to 2S% 
test pressure and check for leaks. If necessary, release 

pressure and perform necessary repairs. Return to Step 1 .  
(b) Once full test pressure i s  reached, block supply 

and observe pressure gauge for a minimum of 10 min. 

(c) Reduce system pressure to the following appli­

cable pressure: 
(1) the test pressure divided by the test factor for 

vessels [see para. S01-6.2(j), eq. (3)] .  If there is no test 

factor available, use 4/s test pressure. 
(2) design pressure for piping. 

Step 4. See (a) through (c) of this Step. 

(a) Conduct a complete inspection for leakage of the 

vessel or piping system, or both, at locations such as 
flanges, weld joints, and threaded connections. 

NOTE: It is assumed that the integrity of the pressurized system 
has been proven by Step 3 (b) and the barricades required by 
para. 501-6.Z (e) can be safely passed. 

(b J If no leakage is discovered, release system pres­

sure. 
(c) If leakage that is not acceptable is discovered, 

relieve all system pressure and repair. Repeat Steps 2 
and 3 . 

Step 5. After completion of the test, the vessel or piping 
system, or both, should be restored to its design condition. 

This includes, but is not limited to, the following: 
(a) All flanged joints blinded for pressure testing 

should be reassembled with new gaskets and tightened 

in accordance with applicable specifications. Considera­
tion should be given to ASME PCC-1. 

(b) Vent and bleed connections that were installed 

solely for testing purposes should be plugged using mate­
rials and methods per the applicable specification. Consid­
eration should be given to seal welding when necessary. 
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501-6.3 Tightness Test 

(a) A tightness test may be performed to detect leaks at 

various locations within a pressure system. It may be 
performed on systems that have previously been pressure 

tested, for closure welds of piping systems, on tube-to­

tubesheet joints, and on systems exempted from hydro­
static or pneumatic testing. ASME BPVC, Section V, Article 

1 0  provides information on a variety of leak testing 

methods. 
(b) A sensitive leak test per ASME 8 3 1 . 3  is the 

preferred method for conducting a tightness test. 
(c) The applied test pressure for vessels and piping 

s h o u l d  n o t  exceed  3 S %  of the d e s ign pressure .  
However, leakage at  flanged joints may be evident at 

much lower pressures when using sensitive leak detection 
methods; therefore, the minimum test pressure should be 
specified which enables the test sensitivity requirements 

to be met. 
( d) Where the consequences of leakage of the process 

medium are acceptable, an in-service leak test may be 

p erformed as a tightness  test us ing the process  
medium during the start-up of  the system. 

501-6.3.l Pneumatic Tightness Test Procedures. The 
items specified in (a) through (f) should be considered 

when developing pneumatic tightness test procedures 
for vessels or piping systems. 

(a) Clean, dry, oil-free air should be used as the test 

medium, except in systems which cannot be verified as 
free from hydrocarbons. For this situation, nitrogen 

should be used as the test medium [see para. SOl-6.2 (b )] .  

(b) To minimize the stored energy of a system, the 

maximum test pressure should be not more than 3S% 
of  the design pressure of the vessel or piping system. 
The test pressure should be no less than the lesser of 

lOS kPa (lS psi) or 2S% of the system design pressure. 
(c) The system pressure should be gradually increased 

until the system pressure is the lesser of 1 70 kPa (2S psi) 

or 2S% of the test pressure. Hold at this pressure long 
enough to conduct a preliminary inspection for leaks. 

( d) System pressure should be gradually increased in 

increments of 10% of test pressure, holding for 30 s to 1 
min at each increment. Hold at final test pressure and 
complete a thorough inspection for leakage using the 
Gas and Bubble test method specified in ASME BPVC, 

Section V, Article 1 0, or other method of equal or  
better sensitivity. 

(e) Ifleakage is discovered and a joint needs to be tight­
ened, reduce system pressure to the lesser of SO% of test 
pressure or 170 kPa (2S psi) and tighten. 

(fJ After completion of the test, the vessel and/or piping 
system should be restored to its operating condition. 
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Mandatory Appendix 501- 1 
Pressu re/Leak Testing 

This Appendix provides a n  example o f  a design data 
sheet as referenced in para. 501-3 .5 . 
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Location: 

Equipment identificat ion:  

Test type: D Hydrostatic 

D In-Service 

Test media:  

ASME PCC-2-2022 

Test Record 

System I test n u m ber: 

Applicable code: 

D Pneu matic D Combi nation hydro-pneumatic D Sensitive leak 

D Other (specify) 

Req'd test pressure: 

Item ID I Equip No. I Standard I Test Boundaries (Partial Test Only) 
Dwg I Rev. No. Line No. Specification From: To: 

Satisfactory Unsatisfactory 
Pretest Inspection Checklist (to be completed by Inspection Representative) N/A (Initial I Date) (Initial I Date) 

1 Approved test media source(s) identified / l ocated 

2 Chloride content of water verified < 50 ppm (stainless and h i g h  a l loy steels) 

3 Items not to be subjected to test pressure have been isolated from test 
(e .g . ,  control valves, instru ments, etc . )  

4 Equipment /p ip ing  is properly su pported, stops i nsta l led in spri ng s upports 

5 B l inds are proper size /th ickness for pressure and correctly located / insta l led 

6 All deviations to test procedures /codes /standards have been approved 
and copies of a pprovals attached 

7 Pressure gauge/recorder ranges are > 1 .5 and < 4 t imes the req'd test pressure 

8 Required overpressurization protection devices have been i nstal led 

9 All requ i red weld ing and NDE has been com pleted 

1 0  Tem perature of equi pment and test media stab i l ized and m i n i m u m  test 
temperature verified 

Date tested: Ambient temp.:  Metal temp.:  

Gauge I recorder nos. and calibration due dates: 

Actual  test pressure: Test duration (hold t ime) 

Test accepted: 

QC Representative I Company Owner Representative 

Test system d ra i ned I flushed u pon completion of testing:  D Not appl icable 

Fabricator Representative I Company Owner Representative 
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Mandatory Appendix 501- 1 1  
Stored Energy Calculations for Pneumatic Pressu re Test 

501- 1 1-1 GENERAL 

The stored energy of the equipment or piping system 
should be calculated and converted to equivalent kilo­

grams (pounds) of TNT (Trinitrotoluene) using the 

following equations: 

E = [ l / (k - l) ]  x Pat x v[ 1 - (Pa!Pat)[(k- I)/k]] (11-1) 

where 

E = stored energy, J (ft-lb) 

k = ratio of specific heat for the test fluid 

Pa = absolute atmospheric pressure, 1 0 1  kPa (14.7 
psia) 

Pat = absolute test pressure, Pa (psia) 

V = total volume under test pressure, m3 (ft3) 

When using air or nitrogen as the test medium (k = 
1.4), this equation becomes 

[ ( )0.286] 
E = 2.5 x Pat x V 1 - Pal Pat (11-2) 

and 

TNT = E (kg) 
4 266 920 

(11-3) 
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where 

E = stored energy, J 
Pa = absolute atmospheric pressure, 101 000 Pa 

Pat = absolute test pressure, Pa 

V = total volume under test pressure, m3 

For U.S. Customary units using air or nitrogen as the test 
medium (k = 1.4), this equation becomes 

E = 360 x Pat x v[ 1 - (Pa!Pat)
0.

286] (11-4) 

and 

TNT = E 
(lb) 

1,488,617 

where 

E = stored energy, ft-lb 
Pa = absolute atmospheric pressure, 14.7 psia 

Pat = absolute test pressure, psia 

V = total volume under test pressure, ft3 

(11-5) 

When calculating the stored energy for a vessel, the total 
volume shall be considered. When calculating the stored 
energy of a piping system, a maximum volume based on a 

length of of 8 pipe diameters may be considered for any 

single failure analyzed. 

See also paras. 501-6.2(e) and 501-6.2 (f) . 
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Mandatory Appendix 501- 1 1 1  
Safe Distance Calculations for Pneumatic Pressure Test 

(22) 501- 1 1 1-1 BLAST WAVE DISTANCE 

The minimum distance between all personnel and the 
equipment being tested shall be 

(a) R = 30 m (100 ft) for Es; 8 130 000 ] (6,000,000 ft-lb) 
(b) as determined by eq. (III- 1) for E > 8 1 3 0  000 J 

(6,000,000 ft-lb) 

where 

E = 

R 
Rscaled 

( )1/3 R = Rscaled 2TNT (lll-1) 

s t o r e d  e n e r g y  a s  c a l c u l a t e d  b y  
Mandatory Appendix 5 0 1- 1 1 ,  eq .  (1 1- 1 )  or 

eq. (11-2) 
actual distance from equipment 
scaled consequence factor; value for eq .  

(III-1) shall be 20  m/kg113 (SO ft/lb1/3) or  

greater 
TNT energy measured in TNT, kg (lb), determined 

from Mandatory Appendix 501-11, eq. (11-3) or 

eq. (11-5) 

If the minimum calculated distance cannot be obtained, 

an alternative value for Rscaled may be chosen based on 
Table 501- I I I -1 -1  for use in eq. ( I I I -1) . See also para. 

501-6.2 (g) . 
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For example, to prevent lung damage, the distance a 
person is from the equipment should result  in an 
Rscaled value of more than 6 m/kg113 (15 ft/lb1/3) .  Note 
the structural damage that can occur, which shall be 

considered. 

501- 1 1 1-2 FRAGMENT THROW DISTANCE 

(a) When fragments of vessel or piping are at risk of 

being created and impacting personnel, the minimum 
distance between all persons and the equipment being 
tested shall be as shown in Table 501-III-2-1. 

(b} If the distances in Table 501-III-2-1 are not achiev­

able, the distance may be evaluated using methods avail­
able in the public domain. 

Table 501-111-1-1 
Alternative Values for Rscaled 

Rscaled1 Rscaled1 Biological Structural 

m/kgl/3 ft/lb113 Effect Failure 

20 50 Glass windows 

1 2  3 0  Eardrum Concrete block 
rupture panels 

6 15 Lung damage Brick walls 

2 5 Fatal 



TNT Equivalent, kg 

0 to 3 

3 to 5 

5 to 10 

10 to 15 

15  to 20 

20 to 25 

25  to 35 

35  to 50 

50 to 65 

65 to 80 

80 to 100 

100 to 120 

120 to 150 

150 to 200 

200 to 250 

250 to 300 

300 to 350 

350 to 400 

400 to 450 

450 to 500 

500 to 600 

600 to 700 

700 to 800 

800 to 900 

900 to 1 100 

1 100 to 1 300 

1 300 to 1 500 

1 500 to 1 900 

1 900 to 2 300 

2 300 to 2 800 

2 800 to 3 300 

3 300 to 3 800 

3 800 to 4 400 

4 400 to 5 000 

5 000 to 5 500 

5 500 to 6 500 

6 500 to 7 500 

7 500 to 8 500 

8 500 to 10 000 
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Table 501-111-2-1 
Minimum Distances for Fragment Throw Considerations 

Minimum Distance, m TNT Equivalent, lb Minimum Distance, ft 

50 0 to 5 140 

60 5 to 10 180 

70 10 to 20 220 

80 20 to 30 250 

90 30 to 40 280 

95 40 to 50 300 

105 50 to 75 340 

120 75 to 100 380 

130 100 to 125 400 

140 125 to 150 430 

150 150 to 200 470 

160 200 to 250 510 

170 250 to 300 540 

190 300 to 400 590 

205 400 to 500 640 

2 1 5  500 t o  600 680 

225 600 to  700 710 

240 700 to 800 750 

245 800 to 900 780 

255 900 to 1,000 800 

270 1,000 to 1,200 850 

285 1,200 to 1,400 940 

300 1,400 to 1,800 980 

310  1,800 to  2,000 1,010 

330 2,000 to 2,500 1,090 

350 2,500 to 3,000 1,160 

365 3,000 to 4,000 1,270 

395 4,000 to 5,000 1,370 

420 5,000 to 6,000 1,460 

450 6,000 to 7,000 1,540 

475 7,000 to 8,000 1,600 

500 8,000 to 9,000 1,670 

525 9,000 to 10,000 1,730 

530 10,000 to 12,000 1,750 

535 12,000 to 14,000 1,770 

545 14,000 to 16,000 1,800 

570 16,000 to 18,000 1,880 

590 18,000 to 20,000 1,950 

605 20,000 to 25,000 2,000 

GENERAL NOTE: Based on American Table of Distances published by the Institute of Makers of Explosives. Lengths are for inhabited buildings, 
unbarricaded. 
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Mandatory Appendix 501-IV 
Risk Evaluation Considerations for Pneu matic Pressure Test 

501-IV-l I NTRODUCTION 

When considering the risk analysis factors listed in 
para. 501-6.2 (f), it should be remembered that risk is a 

two-dimensional combination of probability (or likeli­

hood) and consequence. Risk is the measure of the poten­
tial for harm or loss (i .e . ,  hazard} that reflects the 
likelihood (or frequency) and severity of an adverse 
effect to health, property, or the environment. If prob­

ability and consequence are defined quantitatively (i.e., 
numerical values are assigned), risk is the product. 

risk = probability X consequence (IV-1) 

In a qualitative assessment, a matrix is typically used to 
combine probability and consequence. Consideration 

should be given to the level of risk that is acceptable 
when performing pneumatic tests. Reference AP! RP 
580 for use of risk assessment in determining the accept­

able levels of risk associated with pneumatic testing. 

In reviewing eq. (IV-1), it is clear that even though the 
consequence may be significant, if the probability is very 
low the risk may become acceptable. For example, the 
consequence of an airliner crashing is significant in 

that it will most likely result in serious injury or death 
to the passengers along with major damage to or total 

loss of the aircraft. However, the probability of an airliner 

crashing is very low; thus, the public accepts the risk asso­
ciated with airline travel. 

501-IV-2 PNEUMATIC TEST RISK 
CONSIDERATIONS 

Risk considerations can be applied to pneumatic testing 
also. Examples may include 

(a) a new austenitic stainless steel piping system 
that has been hydrostatically tested during shop fabrica­

tion, with the exception of four final field assembly 
circumferential butt welds. The piping system has a 

total volume that results in an energy level greater 
than 2 7 1  000 000 J (200,000,000 ft-lb}; however, it is 
not feasible to separate the piping system into smaller 

sections for testing, nor is it feasible to install blast 
barriers. By performing volumetric examination such 

as UT or RT and determining the field welds are free 
of rejectable indications, the risk associated with a full 

pneumatic pressure test of this system may be deemed 

acceptable. 
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(b} an existing carbon steel vessel with an MDMT 

rating of -45°C (-50°F} into which a new nozzle had 
been installed following all requirements of the original 

construction code. The vessel has a total volume that 
results in an energy level greater than 2 7 1  000 000 J 

(200,000,000 ft- lb) ;  however, it is still desirable to 
perform a pressure test to check the integrity of the 
weld and obtain the other benefits of pressure testing. 
It is not feasible to install blast barriers. By performing 

volumetric examination such as UT on the nozzle attach­
ment weld and determining the weld is free of rejectable 
indications, along with verification by inspection that the 

vessel is in a like-new condition, the risk associated with a 

full pneumatic pressure test of this vessel may be deemed 

acceptable. 
(c) When considering the volume of piping to complete 

stored energy calculations, the use of 8 pipe diameters 
may not be sufficient. 

(1) brittle failure or failure along the length of a poor 

longitudinal weld seam, where the actual opening may be 

instantaneous and the release of energy larger than that as 
calculated by 8 pipe diameters 

(2) installations where the pipe or pipeline is not 

restrained and can become a projecti le ;  see Table 
501-111-2-1 

501-IV-3 PIPING SYSTEM VOLUME 
CONSIDERATIONS 

A schematic illustration of the pipeline rupture leading 
to burst explosion is shown in Figure 501-IV-3-1 .  The 
volume of gas that should be included within the 

stored energy calculation is not just the volume contained 
within the pipe length that has ruptured, but should 
include a section of each end of pipe that is starting to 
depressurize, given as d in Figure 501-IV-3-1.  The distance 

d can be calculated by considering the speed that informa­
tion about the loss of containment can travel down the 

pipe. When the rupture occurs, the shock wave of the 
rupture travels down the pipe at the speed of sound of 
the compressed gas. The shock wave for this type of explo­

sion has a typical signature shape with a steep rise time. 
The exact rise time would vary for each incident, but will 
be less than the measured rise time within a deflagration 

explosion (which has a shallower profile initially) and is 
consequently less than 10 ms. 
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The basis for total piping volume vary and are summar­
ized below: 

(a) Baker Model - 8 pipe diameters1 

(b) TNT Model - 1 1  m of pipe 
(c) Major Refining Operator - 18 m of pipe 

Figure 501-IV-3-1 
A Schematic Diagram of a Pipeline Burst, Showing the Flow of Gas Within the Pipes 

d d 

/ J 
GENERAL NOTE: The distance, d, represents the length of intact pipe from which gas can contribute to the initial stored energy calculation of the 
burst explosion. 

1 Geng and Kelly. "Evaluation ofBlast Loads from Pipe Ruptures." Paper 
presented at the S lst ASME PVP Conference, Honolulu, HI, July 2 0 1 7. 
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Article 502 
Nondestructive Examination i n  Lieu of Pressure Testing for 

Repairs and Alterations 

502-1 DESCRI PTION 

502-1.1 Background 

This Article provides alternatives to pressure testing 
after repairs or alterations. A pressure test in itself is a 

useful tool with respect to newly constructed equipment. 
Application of a pressure test, to equipment that has been 

in service for some time, is a matter that requires careful 
consideration of a variety of factors involved. There are 
instances where the application of a pressure test is not 

desirable, such as, the application of a pressure test may 

create damage. 

502-1.2 Application 

This Article applies to equipment for which 

(a) NDE provides better assurance of integrity in future 

operation for elevated temperature or cyclic operation 

where crack initiation and propagation is a concern. 
Large flaws may not result in failure during a pressure 

test but may propagate in cyclic or creep service. 
(b) a pressure test is not practical and NOE can be 

shown to provide appropriate integrity assurance. A pres­
sure test of equipment that has been repaired is primarily 

a leak test, or, in some cases, a test for gross fabrication 

flaws that could compromise structural integrity. Struc­
tural integrity of the design is usually not an issue for 
repairs. Even for most alterations, the integrity of the 

design can be verified by engineering analysis. 
(c) a pressure test is practical, but NOE can be shown to 

provide equivalent integrity assurance. In this case, 

overall cost may be a major consideration. It is essential 
that the appropriate NOE be performed based on the 
damage mechanisms anticipated during repairs or altera­
tions. 

502-1.3 Pressure Testing 

Pressure testing consists of three primary methods. 

(a) Hydrostatic Test. The fluid used is typically water; 
however, another suitable liquid can be substituted if 
there is a risk of damage due from any adverse effects 

of having water in the system. 
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(b} Pneumatic Test. This is performed in some situa­
tions where the presence of any water or weight of the 
water in the system is an issue. The pneumatic test is 

potentially hazardous due from the stored energy of 
the compressed gas. 

(c) Hydro-Pneumatic Test. This is a combination of the 

two other test methods. Article 501  should be referred for 

pressure testing issues and precautions. 

502-1.4 Nondestructive Examination (NOE) 

NOE has been defined as comprising those examination 
methods (see Mandatory Appendix 5 0 2 - I ) used to 

examine an object, material, or system without impairing 
future usefulness. It is used to investigate the material and 
component integrity. 

Determining the structural integrity of a pressure­
retaining device or component can be accomplished by 

a process involving a quantitative engineering evaluation 
coupled with NOE to obtain current wall thicknesses and 

provide detection and sizing of any in-service flaws or 
cracks (National Board Bulletin, Volume 61). 

502-1.5 Pressure Test 

502-1 .5 .1  Reasons for Pressure Testing i n  New 
Construction 

(a) Checks for leakage of mechanical and welded joints 

(b) May avoid an in-service failure and associated 

safety issues 
(c) Screens out gross design, material, fabrication defi­

ciencies 

(d} Reduces the stress-multiplying capability of sharp 
notches, metallurgical defects, discontinuities (flaw tip 

blunting) 
(e) Provides mechanical stress relief 
Also refer to 501-3 .2 . 

502-1.6 NOE Methods 

The following is a limited list of the more common alter­
native NOE methods. Mandatory Appendix 502-1, Table 

502-I- 1 compares NOE methods, properties sensed or 

measured, typical discontinuities detected, representative 
applications, advantages, and limitations .  Refer to 

section 502-5 for examination requirements. 
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502-1.6.l Alternative NOE Methods: Volumetric 

(a) Radiography 
(b) Ultrasonic shear wave 
(c) Automated ultrasonics, such as time-of-flight­

diffraction (TOFO} and phased array ultrasonics 

502-1.6.2 Alternative NOE Methods: Surface 

(a) Magnetic particle 
(b} Liquid penetrant 

(c) Eddy current 
(d) Magnetic flux leakage 

502-1.7 Brittle Fracture Risk 

Performing pressure tests of an in-service device or 

component with inadequate fracture toughness could 
result in brittle fracture. Once a device or component 
has been subjected to a one-time (at new construction) 
hydrostatic test, any additional hydrostatic tests over 

the l ife of the component will serve minimal useful  
purpose regarding structural integrity or benefits of redis­

tribution of stresses. 
In addition, performing a hydrostatic test above the 

normal working pressure of an in-service component 

can result in significant exposure to brittle fracture -
especially if the material of construction: 

(a) has been subjected to some degree of embrittle­
ment under normal service conditions 

(b) possesses poor fracture toughness as a result of 

steel melting practices 
(c) contains an undetected critical flaw from in-service 

exposure, or 
(d) will be pressure tested below the OTB transition 

temperature of any component 

502-2 LIMITATIONS 

502-2.1 Alternative Requirements: Part 1 of 
ASME PCC-2 

Part 1 of this Standard contains additional require­

ments and l imitations. This Article shall be used in 

conjunction with Part 1 .  

502-2.2 Repaired or Altered Pressure Equipment 

The terms repaired and altered are as defined in the 
National Board Inspection Code (NBIC), ANSI/NB-23 
Appendix 4, or AP!  5 1 0  and AP!  570 for pressure 

vessels and piping. 

502-2.3 Examples Where Pressure Test May Be 
Inadvisable 

502-2.3.l Foundation or Support Structure. Where 
the foundation or supporting structure has not been 
designed to carry the weight of liquid-filled pressure 

equipment. 
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502-2.3.2 Undesirable Reactions or Consequences. A 

safety concern where the application of test fluids could 
lead to an undesirable reaction with the residue of fluids 
contained in the pressure equipment. 

502-2.3.3 Design Reasons 

(a) Where the design of the pressure equipment is 
based on other factors, such as bending, where stresses 

due to pressure may not be governing 
(b J Where a vessel for which the thickness of the pres­

sure boundary components is governed by external pres­
sure (buckling) considerations 

502-2.3.4 Painting/Coating/Lining Issues. Where 
painting/coating/lining could mask leaks that would 
otherwise have been detected during a pressure test. 

This includes damage to refractory or other insulating 
internal materials as well as damage to internal linings. 

502-2.4 Repairs and Alterations for Which 
Pressure Testing Is Not Normally 
Required 
(ANSl/NB-23) 

The following types of repairs and/or alterations may 

be exempt from pressure testing or where pressure tests 

may be optional depending upon the needs of the owner­
user: 

(a) welding or brazing that does not penetrate the pres-

sure boundary at any point 
(b J seal welds 

(c) cladding application/repairs 
(d} hard surfacing 
(e) welding to flange seating surfaces, when less than 

50% of the axial thickness is replaced by welding 

(f] tube-to-tubesheet welds, provided less than 10% of 
the total number of tubes are replaced at any time after a 
full operational cycle 

(g) tube plugging or sleeving of heat exchangers, steam 

generators, or boiler tubes 
(h) hot tap fittings 

502-3 DESIGN 

See para. 502-2.3 .3 . 

502-4 FABRICATION (REPAIR OR ALTERATION) 

In the context of this Article, this is not applicable. 

502-5 EXAMI NATION - NONDESTRUCTIVE 
EXAMI NATION (N OE) 

The specific type and amount of surface and/or volu­
metric NOE that should be specified in lieu of pressure 

testing is at the owner-user's discretion, the extent of 
which should be based on the risk of leak or failure of 
the equipment. The NOE specified needs to match the 
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likelihood of the type of defects that could occur with the 

particular materials and welding methods in use. See 
para. 502-1.6 for the more common NOE methods gener­
ally employed in lieu of pressure testing. 

502-6 TESTING 

In the context of this Article, this is not applicable. 

�2) 502-7 REFERENCES 

The following is a list of publications referenced in this 
Article. Unless otherwise specified, the latest edition shall 

apply. 

ANSI/NB-23-2007, National Board Inspection Code 
Galanes, George. "Pressure Testing: Fact and Fiction," 

National Board Bulletin 6 1 ,  no.  3 (Fall 2 006) : 2 8  

(https :/  /www.nationalboard.org/SiteDocuments/ 
Bulletins/FA06.pdf) . 

Publisher: National Board of Boiler and Pressure Vessel 

Inspectors (NBBI), 1055 Crupper Avenue, Columbus, 
OH 43229 (www.nationalboard.org) 

AP! 510-2006, Pressure Vessel Inspection Code: Mainte­

nance Inspection, Rating, Repair, and Alteration 
AP! 570, In-Service Inspection Code for Process Piping 
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Publisher:  American Petroleum Institute (AP!}, 2 0 0  
Massachusetts Avenue NW, Suite 1 100, Washington, 
DC 2 0001-5571 (www.api.org) 

ASME Boiler and Pressure Vessel Code, 2007 Edition, Code 
Case 2235 

ASME Boiler and Pressure Vessel Code, 2007 Edition, 

Section IV, Heating Boilers 
ASME Boiler and Pressure Vessel Code, 2007 Edition, 

Section V, Nondestructive Examination 

ASME Boiler and Pressure Vessel Code, 2007 Edition, 
Section VIII, Division 1 - Rules for Construction of 

Pressure Vessels 
ASME Boiler and Pressure Vessel Code, 2007 Edition, 

Section IX, Welding and Brazing Qualifications 

Publisher: The American Society of Mechanical Engineers 
(ASME}, Two Park Avenue, New York, NY 10016-5990 

( www.asme.org) 

ASNT Recommended Practice No. SNT-TC-lA, Personnel 
Qualification and Certification in Nondestructive 
Testing 

Publisher: American Society for Nondestructive Testing 

(AS NT) ,  1 7 1 1  Arl i n gate Lane ,  P . O .  B ox 2 8 5 1 8 , 
Columbus, OH 43228 (www.asnt.org) 



See Table 502-1-1.  
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Mandatory Appendix 502-1  
Comparison of Selected N DE Methods 
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Table 502-1-1 
Comparison of Selected NOE Methods 

Typical 

Properties Sensed Discontinuities Representative 

Method or Measured Detected Applications Advantages Limitations 

X- and gamma-ray Changes in density Voids, porosity, Castings, forgings, Detects internal Cost; relative 
radiography from voids, inclusions, weldments, and discontinuities; insensitivity to thin 

inclusions, incomplete assemblies useful on a wide or laminar flaws 
material penetration, and variety of such as fatigue 
variations, and cracks materials; cracks or 
placement of portable; delaminations that 
internal parts permanent record are perpendicular 

to the radiation 
beam; health 
hazard 

Liquid penetrant Surface openings Cracks, porosity, Castings, forgings, Inexpensive; easy to Discontinuity must 
examination laps, and seams weldments, apply; portable be open to an 

metallic and accessible surface; 
nonmetallic false indication 
components often occurs 

Eddy current Changes in electrical Cracks, laps, seams, Bars, rods, wire, Moderate cost; Conductive materials 
examination and magnetic voids, and tubing, local readily automated; only; shallow 

properties caused variations in alloy regions of sheet portable; penetration; 
by surface and composition and metal, alloy permanent record, geometry 
near-surface heat treatment sorting, and if needed sensitive; 
discontinuities thickness gaging reference 

standards 
necessary 

Microwave Anomalies in In dielectrics; Glass-fiber-resin Noncontacting; No penetration of 
examination complex dielectric disbands voids, structures; readily automated; metals; 

coefficient; surface and cracks; plastics; ceramics; rapid inspection comparatively 
anomalies in in metal surfaces; moisture content; poor definition of 
conductive surface cracks thickness flaws 
materials measurement 

Magnetic particle Leakage in magnetic Surface or near- Ferromagnetic Stable; inexpensive Ferromagnetic 
examination flux field caused surface cracks, products such as materials only; 

by surface or laps, voids, and weldments, surface 
near-surface nonmetallic castings, forgings, preparation may 
discontinuities inclusions and extrusions, be required; false 

and other basic indications often 
steel products occur 

Magnetic flux Leakage in magnetic Surface or near- Ferromagnetic Sensitivity to typical Ferromagnetic 
leakage flux caused by surface cracks, products such as discontinuities; materials only; 
examination surface or near- laps, voids, and weldments, readily automated; proper 

surface nonmetallic castings, forgings, moderate depth magnetization of 
discontinuities inclusions and extrusions, penetration; part sometimes 

and other basic permanent record, difficult when 
steel products if needed parts do not have 

uniform cross 
sections 

Ultrasonic Changes in acoustic Cracks, voids, Weldments, plates, Excellent Requires acoustic 
examination impedance porosity, tubes, castings, penetration; coupling to 

lamination, forgings, readily automated; surface; reference 
delaminations extrusions; good sensitivity standard required; 
and inclusions thickness gaging and good highly dependent 

resolution; upon operator 
requires access to skill; relative 
only one side, insensitivity to 
permanent record, laminar flaws 
if needed which are parallel 

to the sound beam 
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Table 502-1-1 
Comparison of Selected NOE Methods (Cont'd) 

Typical 

Properties Sensed Discontinuities Representative 

Method or Measured Detected Applications Advantages Limitations 

Sonic examination Changes in acoustic Disbands, Laminated Simple to implement; Geometry sensitive; 
impedance delaminations, structures; readily automated; poor definition 

cracks, or voids honeycomb; small portable 
parts 

Ultrasonic Same as ultrasonic Used primarily for Examination of a Produces a viewable Cost; limited to small 
holography examination evaluation of limited region of image of regions of the 

discontinuities the structure in discontinuities structure; poor 
detected by other each image definition 
methods compared to 

radiography 

Infrared testing Surface temperature; Voids or disbands in Laminated Produces a viewable Cost; difficult to 
anomalies in nonmetallics; structures; thermal map control surface 
thermal location of hot or honeycomb; emissivity; poor 
conductivity or cold spots in electric and definition 
surface emissivity, thermally active electronic circuits; 
or both assemblies insulated 

structures; 
refractory-lined 
structures and 
machinery 

Strain gages Mechanical strains Not used for Stress-strain Low cost; reliable Insensitive to 
detection of analysis of most preexisting strains; 
discontinuities materials small area 

coverage; requires 
bonding to surface 

Brittle coatings Mechanical strains Not commonly used Stress-strain Low cost; produces Insensitive to 
for detection of analysis of most large area map of preexisting strains 
discontinuities materials strain field 

Optical holography Mechanical strains Disbands; Honeycomb; Extremely sensitive, Cost; complexity; 
delaminations; composite produces a map of requires 
plastic structure; tires; strain field; considerable skill 
deformation precision parts permanent record, 

such as bearing if needed 
elements 

Acoustic emission Stress wave energy Cracks, structural Crack detection and 100% volumetric Structure must be 
generated by anomalies, leaks, location during examination in real loaded, to a higher 
growing flaws, also delamination, proof testing crack time, complicated level than previous 
areas of high fiber fracture, and propagation, geometries, very service loadings, 
stress, leaks matrix failure in composite, high sensitivity, sensors must be in 

composite structures, metal permanent record, contact with 
materials structures, accurate flaw structure 

rotating location 
equipment 

291  



ASME PCC-2-2022 

Article 503 
Test Devices for Localized Pressure or Tig htness Testing of 

Welded Repairs 

503-1 DESCRIPTION 

503-1.1 General 

(22) 503-1.l.l Scope. This Article provides general good 

advice for the u s e  of mechanical  devices used  to 

i so late sect ions  of p ip ing  systems or equipment 
nozzles and conduct a hydrostatic pressure or tightness 

test. Typical applications are 
(a) testing the circumferential welds for the installa­

tion of a flange pair in a piping system 
{b) testing the circumferential weld for the new instal­

lation or replacement of a flange on an existing pressure 
vessel or tank nozzle 

(c) testing after the replacement or addition of new 
branches in piping systems 

( d) isolating and testing piping assemblies that are 

prefabricated for field installation (e.g., in modular fabri­

cation) 

(22) 503-1.1.2 Types of Mechanical Devices for Testing 
Circumferential Piping and Nozzle Welds. This Article 
describes the methods for use of four types of mechanical 

devices (see Figure 503-1.1 .2-1) for isolation and testing 
of piping systems or equipment nozzles in preparation for 

testing. 
(a) Type I - internal plug with unconnected external 

blind flange 

503-1.2 Definitions 

code hydrostatic leak test: a hydrostatic pressure test that 

meets the requirements of the applicable code, e.g., ASME 
83 1.3. 

full system hydrostatic pressure test: a pressure test that 

consists of the entire piping system being tested by the 

application of pressure to the test value. This test gener­
ates stresses due to pressure, flange assembly, weight of 

piping system and test fluid, and initial flange misalign­
ment. 

local hydrostatic test: a pressure test that consists of the 
application of pressure to the same or higher value as a full 

system hydrostatic pressure test at local regions around a 
weld in a piping system. 

weld leak test: the application of a hydrostatic test pres­
sure to the weld location that will allow the identification 

of any existing through-wall leak paths in the weld. 

503-2 LIMITATIONS 

503-2.1 Part 1 of This Standard 

Part 1 of this Standard contains additional require­
ments and l imitations. This Article shall be used in 

conjunction with Part 1. 

(22) 

(b) Type II  - internal double-ended plug with external 
means of applying bolt load to the flange 

503-2.2 Additional Considerations and (22) 

(c) Type II I  - internal plug connected to an external 

blind flange 
(d) Type IV - internal double-ended plug with no 

assembly load on flange 

(22) 503-1.l.3 Types of Mechanical Devices for Testing 
N ozzle Neck to She l l  or Head Welds,  or P ip ing  
Branch Connections. T h e  following are the types o f  

mechanical devices (see Figure 503-1.1 .3-1) for isolation 

and testing of nozzles in pressure equipment and storage 

tanks, or branch connections in large diameter piping 
systems or pipelines: 

(a) Type A - single-bolt internal device 
(b) Type B - multibolt internal device 
(c) Type C - exterior nozzle device 
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Limitations 

When using a weld test isolation device, the following 
limitations should be considered: 

(a) The user is cautioned to ensure that the use of any 

device is done in accordance with the requirements of its 
manufacturer, and the isolation of any system for pressure 
or tightness testing is verified. 

(b) There may be limitations by device manufacturers 
regarding pressure, size, and configuration. 

(c) Some devices may leave visible internal markings or 

other damage (scoring, grooves, etc.) that may not be ac­
ceptable for certain services. For example, localized 

marking may result in regions of high hardness that 

may not be acceptable in stress corrosion cracking 
services. 
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Figure 503-1.1.2-1 
Hydrotest Device Types for Piping or Nozzles (22) 

(a) Type I (b) Type II 

(c) Type Ill (d) Type IV 

GENERAL NOTE: Reprinted with permission from Integrity Engineering Services, Dunsborough, Western Australia. 

( d) Structural integrity of the piping system or pressure 

vessel is not being tested by this method as may be accom­
plished by the application of a full system hydrostatic pres­

sure test. 
(e) All devices will test the leak tightness of welds; 

however, not all devices will test the integrity of the 

weld by creating hoop and/or axial stresses that are 

normally produced by full system hydrostatic pressure 
tests. 

(22) 503-3 DESIGN 

(a) Table 503-3-1 should be considered for selection of 
the device Type I, Type II, Type III, or Type IV for circum­
ferential welds. See also paras. 503-3.1 through 503-3.4. 
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(b) Selection of device Type A, Type 8,  or Type C for 

nozzle neck to shell or head weld or piping branch connec­
tion should be made after consultation with the device 
manufacturer and/or service provider. Local hydrostatic 
testing of these joints typically does not create a state of 

stress similar to that created by a full hydrotest or when in 
service. 

503-3.1 Type I - Internal Plug With Unconnected 
External Blind Flange 

Type I devices are selected when there is a need to 
conduct a pressure test that provides similar loadings 

as developed by a full system hydrostatic pressure test. 
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Figure 503-1.1.3-1 
(22) Hydrotest Device Types for Nozzles or Branch Connections 

Test flange 

(a) Type A 

(b) Type B 

Flange gasket 

Face seal 

(c) Type C 

GENERAL NOTE: Reprinted with permission from EST Group, Hatfield, PA, USA. 
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Table 503-3-1 
Device Type Selection Guidance 

Test Type I Type II Type III Type IV 

Code hydrostatic leak test; all stress components Equivalent Equivalent Equivalent Equivalent 
< 53 MPa (7. 75 ksi) 

Code hydrostatic leak test; circumferential stress Equivalent Equivalent Equivalent Equivalent 
> 53 MPa (7. 75 ksi), longitudinal stress [Note (1)] 
< 53 MPa (7. 75 ksi) 

Code hydrostatic leak test; circumferential stress Equivalent Equivalent Equivalent Not equivalent 
> 53 MP a (7. 75 ksi), longitudinal stress [Note (2)] 
> 53 MPa (7. 75ksi) 

Full system hydrostatic pressure test Equivalent Equivalent Not equivalent Not equivalent 
[Note (3)] [Note (4)] 

NOTES: 
(1) Type IV hydrostatic pressure may need to be increased to compensate for the lack of flange assembly circumferential stresses. 
(2) Type III may be considered equivalent if the longitudinal pressure stresses are small relative to the flange assembly stresses ( < 30%). 
(3) Type I may be considered equivalent if the stresses due to weight and misalignment are not considered significant. 
( 4) Type II may be adjusted to achieve a longitudinal stress in excess of nominal flange assembly and pressure stress, in order to compensate for 

the lack of stresses due to weight and misalignment. 

503-3.2 Type II - Internal Double-Ended Plug 
With External Means of Applying Bolt 
Load to the Flange 

(a) Type I I  devices are selected when there is a need to 

conduct a pressure test that provides similar loadings as 
developed by a full system hydrostatic pressure test. 

(b J Type II devices are the only devices within the scope 

of this Article that are capable of developing a stress field 

at the weld that may be equal to or more severe than the 
full system hydrotest (including self-weight-generated 

external loads}. 

(c) A calculation to determine the appropriate bolt load 
to be applied by the external loading mechanism shall be 

developed. This calculation should determine whether the 
developed longitudinal stresses at the weld meet or 

exceed the full system hydrotest stress field. 
( d} When using this method, the flange strength shall 

be considered to ensure permanent deformation of the 
flange does not occur. See WRC 538 for further informa­

tion. 

(e) Application of the external loads should be accu­
rately measured so as to not be greater than the yield 

stress of the piping material. 

(22) 503-3.3 Type I l l  - Internal Plug Connected to an 
External Blind Flange 

(a) Type III devices are selected when there is a need to 
conduct a pressure test that provides similar loadings due 
only to pressure as developed by a full system hydrostatic 

pressure test. 
(b} Stresses applied by a Type III device include hoop 

and a reduced axial due to assembly of the device and 

pressure. 
(c) No external loadings are applied by this device. 

295 

503-3.4 Type IV - Internal Double-Ended Plug 
With No Assembly Load on Flange 

(a) Type IV devices are selected when there is a need to 
conduct a leak test that does not apply any additional load­

ings. 
(b) Tests using a Type IV device may be considered 

e quivalent to full system hydrostatic pressure test 

when the test pressure is defined as follows: 

where 

PHe = min[ 0.95 * 2Sy t/D; PH + CAPc] (1) 

CA 3 .0  for class 150 systems and 2 .25 for class 300 
systems 

D pipe outside diameter 

Pc flange class ceiling pressure according to ASME 

816.5, Table A-1 

PH hydrotest pressure 

PHe hydrotest pressure to create an equivalent stress 

field 

Sy the lowest specified minimum yield stress of the 
pipe system's components 

t = pipe wall thickness 

Consultation with the device manufacturer should be 
considered for using Type IV devices in services above 

Class 300 systems. 
(c) Type IV devices do not apply any axial stresses. 

503-4 FABRICATION 

This section covers the requirements for device instal­
lation. 

(a) The minimum distance between the centerline of 
the circumferential weld to be tested and the seal location 

for any of the methods described in this Article should be 

(22) 

(22) 
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Figure 503-4-1 
Hydrotest Device Seal Location 

1 .5 (dt)0'5---t----

d 

GEN E RAL NOTE:  Reprinted with permission from EST Group, 
Hatfield, PA, USA 

greater than l.S(dt)05(see Figure S03-4-l}, where d is the 
inner diameter of the pipe and T is the nominal pipe wall 
thickness. 

A distance less than l .S(dt)05 may be used with the 
appropriate engineering analysis provided, and with 
the acceptance of the owner. 

{b) Ensure the interior of the piping system or pressure 
vessel is clean and free of any debris that may hinder the 
sealing and/or clamping action of the device. 

(c) Additional pipe length may be required for installa­
tion of the device to account for potential damage caused 
by the device due to scoring, grooves, etc., as well as to 

allow all welds to be tested. In most cases, an additional 
220  mm (9 in.) will suffice to allow for any potential 
damage to be removed and for all permanent piping to 

be tested. After testing, remove the additional length of 
pipe. 

(22) 503-4.l Type I - Internal Plug With Unconnected 
External Blind Flange 

(a) Type I may be installed with or without a lanyard to 
prohibit movement into the pipe or pipel ine (see 
Figures S03-4.1 -1  and S03-4.1-2) .  

(b) For cases where a lanyard is  used, a special blind 
flange from the device manufacturer may be required. 

(c) The blind flange or piping section being tested shall 

contain openings such as threaded ports for filling and 
venting and for release of pressure. It is advisable to 

use a valve for pressure release. 
(d) Operation (see Figure S03-4.1-3) 

(1) Installation of a Type I device shall be in accor­
dance with the manufacturer's and/or service provider's 

recommendations. 
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(2) Fill with a pressure test medium and complete 
the test. 

503-4.2 Type II - Internal Double-Ended Plug With (22) 

External Means of Applying Bolt Load to 
the Flange 

(a) A Type II  device is a combination of a Type IV device 

with the means to apply a bolt load to the weld. This may be 
accomplished with a split ring flange that is capable of 
eliminating any linear movement along the O.D. of the 
pipe or nozzle (see Figure S03-4.2-1  ) .  

(b J Insert the Type IV device and secure to  the I.D. of the 
piping or nozzle. 

(c) Install the split ring flange not less than l.S(dt)05 

fr o m  t h e  e n d  o f  t h e  h y d r o t e s t  d e v i c e  ( s e e  
Figure S03-4.2-l} .  

{d} Install a minimum of four bolts with nuts on the 

inside of each flange to apply a force to the weld to be 
tested. Apply torque to the bolt such that the resulting 

stress  is equal  to or greater than what would b e  
applied b y  a full system hydrostatic pressure test. 

(1) Determination of stress applied during test 

should be in accordance with the construction code. 
(2) Applied bolt stress should not exceed 380 MPa 

(SS ksi), unless a higher stress is justified and calculation is 
in accordance with ASME PCC-1, Nonmandatory Appendix 

0. 
(3) Bolt torque to achieve the target bolt stress 

should be calculated in accordance with ASME PCC-1 .  
(e) Fill and pressurize the hydrotest device to  the 

desired pressure. 

503-4.3 Type I l l  - Internal Plug Connected to an 
External Blind Flange 

(a) Install the device and assemble the flange joint. 

Apply torque such that the desired bolt stress is achieved; 
see ASME PCC-1. 

{b} Fill with pressure test medium and complete the 
test. 

503-4.4 Type IV - Internal Double-Ended Plug 
With No Assembly Load on Flange 

(a) Engage the seals in accordance with the manufac­

turer's instructions. 

(b) Fill with pressure test medium and complete the 
test. 

See Figure S03-4.4-l.  

503-4.5 Types A, B, and C- Hydrotest Device Types (22) 

for Nozzle Welds or Piping Branch 
Connections 

(a) Installation of Type A, Type B, or Type C devices 
shall be in accordance with the manufacturer's and/or 

service provider's recommendations. 
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Figure 503-4.1-1 
Type I Hydrotest Device With Lanyard 

GENERAL NOTE: Reprinted with permission from EST Group, Hatfield, PA, USA. 

Figure 503-4.1-2 
Type I Hydrotest Device Without Lanyard 

GENERAL NOTE: Reprinted with permission from EST Group, Hatfield, PA, USA. 

(b) Fill with pressure test medium, and complete the 

test. 

503-5 EXAMI NATION 

503-5.1 Examination Prior to I nitiation of the 
Hydrotest 

(a) Any required volumetric examination should be 

completed prior to installation of the hydrotest device. 
(b) The weld to be tested should be examined by PT or 

MT method. 

(22) 503-5.2 Examination During the Hydrotest 

(a) The minimum pressure of the hydrotest shall be 
monitored and shown to be stable for a minimum of 5 
min or the time required by the construction code, which­

ever is greater, indicating there are no leaks from the weld 

being tested. 
(b} After the test pressure has been maintained for the 

required duration, Visual Testing shall be performed on all 
welds during the test. The test pressure should be reduced 
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to not less than the design pressure of  the system being 

tested while performing this examination. Acceptance 
criteria shall be in accordance with the construction 

code or applicable in-service inspection code. 

503-5.3 Examination Following Completion of the (22) 
Hydrotest 

The interior and/or exterior of the pipe or pressure 
vessel should be examined for surface damage where 

the device clamps engaged with the interior and/or ex­

terior wall. Any damage found may be analyzed for accep­

tance using engineering methods or applicable in-service 
inspection code. 

503-6 TESTING 

In the context of this Article, this section is not appli­
cable. 
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Figure 503-4.1-3 
Type I Typical Installations 

(a) 

Modified b l ind flange 
Upstream 

Vent port 

Movement 
ind icator 

Fill port 

(b) 

Weld to be tested wil l  
experience hoop, radial ,  
a n d  longitudinal stresses 

GENERAL NOTE: Reprinted with permission from EST Group, Hatfield, PA, USA. 
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Figure 503-4.2-1 
Location of Split Ring Flange 

GENERAL NOTE: Reprinted with permission from Integrity Engi­
neering Services, Dunsborough, Western Australia. 
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Figure 503-4.4-1 
Type IV Device 

Test medium / fill port 

.....___U pstream 
monitor port 

G E N ERAL NOTE: Reprinted with permission from EST Group, 
Hatfield, PA, USA. 
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