
0339-1502 

U.S. DOT PHMSA  Final Report No. 18-060 

 

 

DTPH5615T00009 Development of 
Comprehensive Pressure Test Design 
Guidelines - Task 8 
 

Cara Macrory-Dalton, P.E., Michael Rosenfeld, P.E., 
Adam Steiner, P.E. and Benjamin Zand, P.E. 

September 4, 2018 
 
 



Intentionally blank 
 



Final Report No. 18-060 

Final Report 

on 

DTPH5615T00009 DEVELOPMENT OF COMPREHENSIVE PRESSURE TEST 
DESIGN GUIDELINES - TASK 8 

to 

U.S. DEPARTMENT OF TRANSPORTATION 
PIPELINE AND HAZARDOUS MATERIALS SAFETY ADMINISTRATION 

September 4, 2018 

Prepared by 
 

 
_______________________________ 

Cara Macrory-Dalton, P.E. 
Senior Engineer II 

 
Approved by 

 

 
_______________________________ 

John F. Kiefner, PhD, P.E. 
Senior Advisor 

 

Kiefner and Associates, Inc. 
4480 Bridgeway Avenue, Suite D 

Columbus, OH 43219 
0339-1502 



DISCLAIMER 
 

This document presents findings and/or recommendations based on engineering services 
performed by employees of Kiefner and Associates, Inc. The work addressed herein has been 
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DTPH5615T00009 Development of 
Comprehensive Pressure Test Design 
Guidelines - Task 8 
Cara Macrory-Dalton, P.E., Michael Rosenfeld, P.E., Adam Steiner, P.E.  
and Benjamin Zand, P.E. 

INTRODUCTION 
The scope of this Task 8 report is to document the developed guidelines related to the 
planning, execution, and evaluation phases of pressure tests, as well as other considerations for 
pressure testing.  Kiefner and Associates, Inc. (Kiefner) developed these guidelines for best 
practices based on a review of currently available industry documents, interviews with pipeline 
operators and pressure test contractors, and Kiefner’s own experience with pressure testing.   

SUMMARY  
This Task 8 report intends to provide the industry with clear guidance related to pressure 
testing.  From Task 2 and Task 3 interim reports, key aspects of pressure testing that require 
education and the development of procedures include the following: 

 instrumentation (type, quantity and placement); 
 temperature stabilization; 
 pressuring sequences; 
 spike testing (pressure level, hold-time, when it is advisable); 
 potential damage due to high pressure testing versus the benefits; 
 potential for and effects of yielding; 
 pressure reversals; 
 potential risks of pressure test failures to adjacent encroachments; 
 planning, design and execution of hydrostatic test projects; 
 how to achieve target pressure given elevation and operation challenges; 
 pressure testing for the long term service for various time dependent threats; 
 test acceptance criteria and test approval authorization; 
 documentation requirements;  
 water disposal; and 
 long seam failure susceptibility analysis. 
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From the Task 4 interim report, the key design aspects of pressure test planning covered by 
this document include the following: 

 Effectiveness of pressure testing 
 Test pressure to operating pressure ratios - minimum and maximum test limits 
 Spike testing - when spike testing is advisable, inadvisable, or discretionary as well as 

providing guidance on appropriate pressure levels 
 Effect of known defect types on pressure testing and planning  
 Test media comparisons and selection considerations 
 Effect of biaxial loads 

From the Task 5 interim report, the key design aspects of pressure test execution covered by 
this document include the following: 

 equipment 
 data collection and record keeping 
 stabilization and pressuring sequences 
 pressure-volume plots 
 hold times 
 leak detection 
 weather effects (including freezing temperatures)  
 test acceptance 
 failure prediction methods 
 pressure reversals 
 alternative/contingency test plans 
 de-pressuring and drying 

From the Task 6 interim report, the key design aspects of pressure test evaluation covered by 
this document include the following: 

 statistical distribution of pipe material properties, 
 potential for and effects of yielding,  
 criteria for acceptable limits on pipe expansion, 
 reassessment intervals for various time dependent defect growth mechanisms,  
 long seam failure susceptibility analysis, and the 
 use of pressure testing to validate the results of in-line inspections (ILI). 

From the Task 7 interim report, other considerations covered by this document include the 
following: 

 risk or hazard evaluation, 
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 safety awareness and best practices, and 
 environmental considerations. 

BACKGROUND 
The objective of the Development of Comprehensive Pressure Test Design Guidelines Project 
(DTPH5615T00009, Prj# 645) is to develop comprehensive guidelines for the design of pipeline 
pressure tests that could be incorporated into industry standards and operator procedures.  A 
goal of this project is to provide guidance on how to plan, execute and evaluate pressure tests 
based on the most current knowledge and industry needs.  The work takes into account the 
significant amount of research on pressure testing that has been carried out from the 1960s 
through the present by government, private, and industry organizations.   

Task 2 was a review of existing industry standards, recommended practices, research papers 
and other literature related to the pressure testing of liquid and natural gas pipelines.  Task 2 
determined the scope of the information already covered in existing guidance documents and 
identified deficiencies or disagreements, or both, between reviewed documents.  The results of 
Task 2 were reported on January 26, 2016 in Kiefner Final Report No. 16-009, 
“DTPH5615T00009 Development of Comprehensive Pressure Testing Guidelines – Task 2: 
Review of Existing Industry Standards and Recommended Practices”. The following documents 
were reviewed: 

 ASME B31.8-2014 Gas Transmission and Distribution Piping Systems 
 ASME B31.8S-2014 Managing System Integrity of Gas Pipelines 
 ASME B31.4-2012 Pipeline Transportation Systems for Liquids and Slurries 
 API 1160-2013 Managing System Integrity for Hazardous Liquid Pipelines 
 API 1110-2013 Recommended Practice for the Pressure Testing of Steel Pipelines for the 

Transportation of Gas, Petroleum Gas, Hazardous Liquids, Highly Volatile Liquids, or 
Carbon Dioxide 

 INGAA Report No. 2013.03 “Technical, Operational, Practical, and Safety Considerations 
of Hydrostatic Pressure Testing Existing Pipelines” 

 TTO Number 6 “Spike Hydrostatic Test Evaluation”, July 2004 

The results of the review are summarized in Table 1.  The table shows which pressure test 
related topics are currently covered in each of the above listed documents.  A topic is 
considered covered (denoted with a “yes” in Table 1) if relevant language is introduced in the 
document with some level of detail or discussion.   

A covered topic does not necessarily imply a prescriptive guideline is provided.   
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Table 1. Topical Comparison of Industry Documents 

 

Title 49 
CFR 
Part 
192 

Title 49 
CFR 
Part 
195 

ASME 
B31.8 

ASME 
B31.8S 

ASME 
B31.4 

API 
1160 

API 
1110 

INGAA 
Report 

TTO 
No. 6 

Minimum Test 
Pressure 
Requirements 

Yes Yes Yes 
Refers to 

ASME 
B31.8 

Yes Yes Yes 

Refers to 
Title 49 
CFR Part 

192 

No 

Test Duration 
(hold time) Yes Yes Yes 

Refers to 
ASME 
B31.8 

Yes 

Refers to 
regulatory 
requireme

nts 

Yes 

Refers to 
Title 49 
CFR Part 

192 

No 

Maximum Test 
Pressure Yes No Yes 

Refers to 
ASME 
B31.8 

No No Yes Yes No 

Minimum Spike 
Test Pressure No No No Yes1 No Yes Yes Yes Yes 

Spike Test 
Duration (hold 
time) 

No No No Yes1 No Yes Yes Yes Yes 

Maximum Spike 
Test Pressure No No No No No No No Yes Yes 

Test Medium 
Selection Yes Yes Yes 

Refers to 
ASME 
B31.8 

Yes Yes Yes No No 

Test Pressure 
Monitoring 
Equipment and 
Techniques 

No No Yes No No No Yes Yes No 

Pressure 
Reversals No No No No No Yes Yes No Yes 

Threat 
Assessment for 
Pressure Testing 

Refers 
to ASME 
B31.8S 

Yes Yes Yes No Yes Yes No Yes 

Reassessment 
Intervals Yes Yes Yes Yes No Yes Yes 

Refers to 
Title 49 
CFR Part 

192 

Yes 

Accepting a Test No No No No No No Yes Yes No 

Vintage Pipe 
Considerations 

Refers 
to ASME 
B31.8S 

Yes No Yes No Yes No No Yes 

Testing of 
Components Yes Yes Yes No Yes No Yes Yes No 

Using Pressure 
Testing or ILI No No No Yes No Yes No No No 

Test Personnel 
Qualifications Yes Yes No No No No Yes No No 

Test Equipment No No Yes No No No Yes Yes No 
Record 
Requirements 
and Retention 

Yes Yes Yes No Yes Yes Yes Yes No 

Testing in-situ as 
an Indicator of 
Yield Strength 

No No Yes No No No No No No 

                                            
 
1 Minimum spike test pressure is specified for the assessment of SCC 
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Title 49 
CFR 
Part 
192 

Title 49 
CFR 
Part 
195 

ASME 
B31.8 

ASME 
B31.8S 

ASME 
B31.4 

API 
1160 

API 
1110 

INGAA 
Report 

TTO 
No. 6 

Test Risk or 
Hazard 
Evaluation 

Yes No Yes No No No Yes Yes No 

Effect of Yielding 
or Expansion No No No No No No No No No 

Test Failure 
Evaluation No No No No No Yes Yes Yes No 

 
The goal of Task 3 was to capture knowledge from liquid and gas pipeline operators and 
pressure testing service contractors relevant to pressure testing guidelines, as well as identify 
inconsistencies or gaps in pressure testing practices.  Interviews with three pipeline operators 
and two pressure test services contractors were conducted by telephone and by written 
correspondence.  The results of Task 3 were reported on June 30, 2016 in Kiefner Final Report 
No. 16-091, “DTPH5615T00009 Development of Comprehensive Pressure Test Design 
Guidelines - Task 3: Interview Pipeline Operators and Pressure Test Service Contractors”.  

Through the interviews conducted during Task 3, it can be concluded that pressure testing is a 
topic of broad industry interest.  It was determined that the industry needs education on and 
consistent procedures for pressure test planning, execution and evaluation. 

The goal of Task 4 was to document the developed guidelines related to the planning phase, or 
pre-execution phase, of pressure tests.  The results of Task 4 were reported on December 30, 
2016 in Kiefner Final Report No. 16-224, “DTPH5615T00009 Development of Comprehensive 
Pressure Test Design Guidelines - Task 4: Pressure Test Planning Guidelines”. 

The goal of Task 5 was to document the developed guidelines related to the execution phase of 
pressure tests.  The results of Task 5 were reported on June 30, 2017 in Kiefner Report, 
“DTPH5615T00009 Development of Comprehensive Pressure Test Design Guidelines - Task 5: 
Pressure Test Execution Guidelines”. 

The goal of Task 6 was to document the developed guidelines related to the evaluation phase 
of pressure tests.  The results of Task 6 were reported on December 18, 2017 in Kiefner 
Report, “DTPH5615T00009 Development of Comprehensive Pressure Test Design Guidelines - 
Task 6: Pressure Test Evaluation Guidelines”. 

The goal of Task 7 was to document the developed guidelines related to other considerations, 
which primarily included safety topics.  The results of Task 7 were reported on December 18, 
2017 in Kiefner Report, “DTPH5615T00009 Development of Comprehensive Pressure Test 
Design Guidelines - Task 7: Other Considerations”. 
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This Task 8 report is the draft final report, a combination of results from Tasks 2 through 7. 

Note that the scope of this project is to develop guidelines related to pressure testing.  Pressure 
testing encompasses two forms of pipeline pressurization: pneumatic which uses a compressible 
gas as the test medium and hydrostatic which uses a liquid as the test medium.  The most 
common test medium for a pneumatic pressure test is nitrogen and the most common test 
medium for hydrostatic testing is water.  Some guidelines documented by this task will 
distinguish between hydrostatic or pneumatic testing and the broader category of pressure 
testing. 

DEFINITIONS 
Pressure Test:  A pressure test is the application of internal pressure above the normal or 
maximum operating pressure to an isolated pipeline segment (or assembly), under no-flow 
conditions (static), for a fixed period of time utilizing a fluid medium (either liquid or gas) for 
the purpose of proving the integrity of the pipeline segment. 

Pneumatic Test:  A pneumatic test is a pressure test where the test medium is a compressible 
gas such as nitrogen, air or other gas. 

Hydrostatic Test:  A hydrostatic test is a pressure test where the test medium is a liquid.  
Hydrostatic testing most commonly utilizes water as the test medium, however other liquids, 
such as petroleum products, may be used in some instances as the test medium.   

Hydrostatic Pressure: Hydrostatic pressure at a point in pipeline is the sum of the pressure 
exerted by a static fluid due to the force of gravity and the known static pressure supplied by 
an external source at a reference location.  In a static, pressurized pipeline segment filled with 
an incompressible fluid the applied internal stress will vary relative to elevation.  Pipe located at 
a higher elevation will experience a lower internal pressure than pipe at a lower elevation within 
the same contiguous pipe segment filled with liquid.  For the purpose of hydrostatic testing, 
where a uniform fluid density can be assumed and a pressure value is known at a reference 
location, Bernoulli’s equation can be simplified and solved for a location-specific hydrostatic 
pressure:  

)( zzPP oo       Equation 1 

where 

P  is the static pressure at a specific location (psig) 
Po  is the known static pressure applied at a reference location (psig) 
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γ is the fluid specific weight (psig/ft) 
z is the elevation at the same specific location as P (ft) 
zo  is the elevation at the same reference location as Po (ft) 

The specific weight of water is approximately 62.4 lbs/ft3 (corresponding to a specific gravity of 
1).  To express in units of psig/ft, the specific weight of 62.4 lbs/ft3 is divided by a factor of 144 
to give a specific weight of 0.433 psig/ft.  Therefore if a hydrostatic test is to be conducted 
using water as the test fluid, Equation 1 becomes 

)(433.0 zzPP oo     Equation 2 

where 

P  is the static pressure at a specific location (psig) 
Po  is the known static pressure applied at a reference location (psig) 
z is the elevation at the same specific location as P (ft) 
zo  is the elevation at the same reference location as Po (ft) 

The specific weight of sea water is approximately 63.9 lbs/ft3, giving a specific weight of 0.444 
psig/ft.  Therefore if a hydrostatic test is to be conducted using seawater as the test fluid (for 
instance potentially for an offshore test), Equation 1 becomes 

)(444.0 zzPP oo     Equation 3 

where 

P  is the static pressure at a specific location (psig) 
Po  is the known static pressure applied at a reference location (psig) 
z is the elevation at the same specific location as P (ft) 
zo  is the elevation at the same reference location as Po (ft) 

 
Maximum Operating Pressure (MOP): The pressure an operator is not to exceed during 
normal pipeline operation.  The term applies to liquid pipelines and is covered under 49 CFR 
195.406.   

Maximum Allowable Operating Pressure (MAOP): The pressure an operator is not to 
exceed during normal pipeline operation.  The term applies to gas pipelines and is covered 
under 49 CFR 192.619.   

Specified Minimum Yield Strength (SMYS): The specified minimum yield strength to which 
the steel material was manufactured.  This corresponds to the minimum stress the material will 
tolerate prior to yielding (yield strength) and is typically given in units of psi.  SMYS is often 
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expressed in terms of the corresponding hoop stress or internal pressure carrying capacity for 
the pipe (see Equation 4).  

Barlow’s Formula: The design formula for the internal pressure carrying capacity of pipe, or 
hoop stress. The formula is 

D
StP 2


     Equation 4 

where 

P  is internal pressure (psi) 
t is the wall thickness of the pipe (inch)   
D is the outside diameter of the pipe (inches) 
S  is circumferential (hoop) stress. Depending on the application this can be 

SMYS, SMYS multiplied by an appropriate design factor, flow stress, or 
actual measured yield stress (psi).  If the application is to determine the 
MOP or MAOP, SMYS must be multiplied by the appropriate design factors 
in accord with federal regulations (see Internal Design Pressure).  

Internal Design Pressure (IDP): Working pressure is defined by federal regulations and is a 
function of Barlow’s pressure, modified by a longitudinal seam joint factor, a temperature factor 
(for gas operated pipelines only) and a design factor in accordance with applicable design codes 
or standards.  Reference 49 CFR 192.105 for gas operated pipelines and 49 CFR 195.106 for 
liquid operated pipelines.  The minimum IDP of a pipeline system is not to be exceeded during 
normal operation (except as allowed for surge conditions for liquid pipelines).  IDP is given as 

xFxExT
D
StIDP 2

     Equation 5 

where 

IDP  is internal design pressure (psi) 
t is the nominal wall thickness of the pipe (inch)   
D is the nominal outside diameter of the pipe (inches) 
S  is the SMYS of the pipe (psi) 
F  is the design factor determined in accordance with CFR 192.111 or 

195.106 (a) 
E  is the longitudinal joint factor determined in accordance with CFR 

192.113 or 195.106 (e) 
T is the temperature factor determined in accordance with CFR 192.115 
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Table 2, Table 3  and Table 4 are excerpts from 192 Subpart C and 195 Subpart C and cover 
factors F, E and T from Equation 5.  Note that if the longitudinal seam joint type cannot be 
determined the factor must not exceed that designated for “Other”.  Also, for intermediate gas 
temperatures, the derating factor is determined by interpolation. 

Table 2. Design Factors (F) 

49 CFR 
Part Class Location/Condition Design 

Factor (F) 

192.111 (a) 

Class Location 1 0.72 

Class Location 2 0.60 

Class Location 3 0.50 

Class Location 4 0.40 

195.106 (a) 

Pipe not meeting one of the two requirements 
below for F=0.60 or F=0.54 0.72 

Offshore platforms or inland platforms on 
navigable waters 0.60 

Subject to cold expansion2 0.54 
 

  

                                            
 
2 Paragraph 195.106 (a) states a design factor of 0.54 is used for pipe that has been subjected to cold expansion to meet the 
specified minimum yield strength and is subsequently heated, other than by welding or stress relieving as part of welding, to a 
temperature higher than 900°F for any period of time or over 600°F for more than 1 hour. 
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Table 3. Longitudinal Seam Joint Factors (E) 

Specification3 Pipe Class Longitudinal Joint 
Factor (E) 

ASTM A 53/A 53M 

Seamless 
Electric resistance welded 

Furnace lap welded (part 195 only)
Furnace butt welded 

1.00 
1.00 
0.80 
0.60 

ASTM A 106 Seamless 1.00 

ASTM A 333/A 333M Seamless 
Electric resistance welded 

1.00 
1.00 

ASTM A 381 Double submerged arc welded 1.00 
ASTM A 671 Electric fusion welded 1.00 
ASTM A 672 Electric fusion welded 1.00 
ASTM A 691 Electric fusion welded 1.00 

API 5L 

Seamless 
Electric resistance welded 

Electric flash welded 
Submerged arc welded 

Furnace lap welded (part 195 only)
Furnace butt welded 

1.00 
1.00 
1.00 
1.00 
0.80 
0.60 

Other (part 192 only) Pipe over 4 inches 0.80 
Other (part 192 only) Pipe 4 inches or less 0.60 

 

Table 4. Temperature Factors (T) 

Gas Temperature in 
degrees Fahrenheit 

(Celsius) 

Temperature 
Derating 

Factor (T) 

250 ˚F (121 ˚C) or less 1.000 
300 ˚F (149 ˚C)  0.967 
350 ˚F (177 ˚C)  0.933 
400 ˚F (204 ˚C)  0.900 
450 ˚F (232 ˚C)  0.867 

                                            
 
3 Longitudinal joint factors (E) for other pipe grades are also found in ASME B31.4 and B31.8. 
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PRESSURE TEST PLANNING GUIDELINES 

When to Perform a Pressure Test 
Pressure tests are conducted for a variety of reasons, some mandated in U.S. pipeline 
regulations or industry standards, and others elective.  The following is a list of recognized 
purposes for executing a pressure test on a pipeline: 

 MOP or MAOP establishment prior to commission (new construction pressure test). 
 MOP or MAOP re-verification of an idled pipeline prior to re-activation. 
 MOP or MAOP verification prior to a change of service, operating demands, or flow 

direction. 
 Identification of pipe yield point. 
 Verification that no leaks are present; a possible response to an overpressure event.   
 Threat identification and remediation (or integrity management/assessment) of time-

dependent anomalies and stable anomalies.  Commonly implemented for the 
reassessment of corrosion, stress-corrosion cracking (SCC), and longitudinally oriented 
anomalies associated with pipe seam manufacturing processes. 

 Revalidating the integrity of a pipeline following a release (e.g., as a corrective action 
required by a pipeline regulatory authority). 

 In-line inspection (ILI) verification. 

The decision to conduct a pressure test when the purpose is related to a regulatory requirement 
(such as MOP or MAOP establishment) is straight forward.  However, the choice of whether to 
conduct a pressure test versus ILI in response to the management of pipeline integrity can be 
more complex.  Situations in which pressure testing provides positive benefits versus marginal 
value must be considered.  A pressure test can address several integrity threats including: 

 time dependent threats such as internal corrosion, external corrosion, fatigue cracks, 
and longitudinally-oriented SCC, 

 time-independent (i.e., random) threats such as mechanical damage and outside force 
damage, 

 manufacturing defects such as longitudinal seam weld defects and laminations, and 
 some construction related defects. 

While the threats listed above cover a wide range of defects, there are limitations to pressure 
testing and categories of defects for which no pressure test can assure long term immunity 
from leaks after a testi.  Such defects include electric resistance welded (ERW) seam 
penetrators or other short-deep bondline defects, fast-growing localized pitting due to microbial 
induced corrosion (MIC) or stray current interference, girth weld pinholes, and defects which 
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may have been leaking during the test but were so small that they were not identified.  
Circumferentially oriented defects are not stressed to the level that longitudinally oriented 
defects are in an internally pressurized pipeline.  (The longitudinal stress due to internal 
pressure in a buried pipeline is nominally 30% of the hoop stress.  Thus even a test to a hoop 
stress of 100% SMYS imposes at most a longitudinal stress of only 30% of SMYS in addition to 
any preexisting longitudinal stress and which is low in most circumstances.  Moreover, the 
longitudinal stresses due to pressure and other sources in a buried pipeline are displacement- or 
constraint-controlled are not necessary to maintain static equilibrium.  As a result, longitudinal 
stresses due to pressure testing do not challenge the integrity of the girth weld.  The firm 
represented by the author has observed many instances of significantly defective girth welds 
that successfully underwent hydrostatic pressure tests to high levels of circumferential stress 
but which later did fail or would have been expected to fail under high external loading.)  This 
means that circumferentially oriented defects (i.e., girth weld cracks, circumferential SCC) are 
less likely to be exposed during testing, unless already leaking or on the verge of failure.  
Moreover, a successful pressure test does not establish the ability of circumferential girth welds 
to withstand elevated levels of axial stress caused by external loadings. Also, pressure testing is 
not a dependable means of controlling or preventing failures from hard spots or hydrogen 
blisters.  For a number of threats, ILI is potentially a more reliable assessment of the integrity 
of the pipe; especially for the remediation of corrosion, hydrogen blisters, mechanical damage, 
deformation and circumferentially oriented defects.  

There are still benefits to pressure testing.  Pressure testing is particularly effective at 
eliminating longitudinally oriented defects such as seam weld cracks or axial SCC.  Also any 
severe defects, such as mechanical damage, on the verge of failure at operating pressure 
should be exposed by a pressure test.  (However, pressure testing cannot prevent damage after 
a test.  Only a damage prevention program is capable of mitigating an ongoing integrity threat 
from excavator damage.)  And ultimately a pressure test can demonstrate the immediate fitness 
for service of a pipeline. 

It is recommended that operators incorporate the following elements into their assessment 
method selection process: 

 threat type of concern,  
 expected defect population, 
 pipeline failure, assessment, and operation history, 
 pipe manufacturer, vintage, seam type, and material characteristics, 
 suitability of pipeline configuration for pressure testing, 
 suitability of pipeline configuration for ILI,  
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 probability of failure predictions based on past assessments (such as a comparison of 
the likelihood of failure during a pressure test to the likelihood of failure in-service, post 
ILI or post pressure test), and 

 potential risk reduction of each assessment option. 

The assessment method selection process should allow for multiple outcomes, including: 

 selecting hydrostatic testing alone,  
 running a single ILI technology,  
 running multiple ILI technologies,  
 combining hydrostatic testing with ILI, or  
 occasionally adjusting operating conditions in combination with one of the 

aforementioned assessments.   

Pressure testing can be a supplement to ILI for a variety of integrity threats, or applied as a 
method of ILI verification.  American Petroleum Institute (API) Recommended Practice (RP) 
1176 offers the following on using hydrostatic testing for ILI verificationii: 

“When the verification of crack features by excavation results does not sufficiently 
correlate with the ILI for detection or severity, hydrostatic testing, possibly of a segment 
or segments of a pipeline, could be required to verify the possible population of 
remaining cracks. Verification by hydrostatic test is demonstrated when a pipeline 
segment that could not be verified by excavation successfully passes a hydrostatic test 
without any failures. If failures occur, the testing of additional segments should be 
considered depending on the failure cause (i.e., could be unrelated to cracking). In 
some cases, an operator may elect to perform a verification hydrostatic test on only a 
portion of a line section inspected by ILI. When only a portion of the line is tested this 
way, the test section should be representative of the entire segment regarding crack 
type, growth mechanism, and pipe properties. If one hydrostatic test section is used to 
verify multiple ILI runs, then the operator must ensure that the critical characteristics of 
each ILI run (such as vendor, technology, and run media) are similar so that the results 
are not affected.” 

While API RP 1176 is specific to crack threats, the same logic for ILI verification by means of 
pressure testing could be adopted for other integrity threats, such as selective seam weld 
corrosion. 
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Background Information Review 
Background information must be reviewed to adequately and safely plan for a pressure test.  
Most of the information necessary to review is synonymous with both new construction tests 
and reassessments of existing pipelines; however distinctions are noted where applicable.  

Regulatory Requirements and Company Policy 
Regulatory requirements at the federal, state, and local level must be reviewed and followed.  If 
testing requirements differ among regulatory authorities, the most conservative or restrictive 
requirements should be implemented.  Review any active corrective action orders or directed 
recommendations from regulators specific to the asset being pressure tested.   

Operators should review their own company policies to insure the most current pressure test 
procedures are being followed.  Any variance from stated company policy should be widely 
communicated and approved during the planning phase as well as thoroughly documented with 
sound justification. 

Pipeline Attributes 
Information on the following should be gathered when preparing for a pressure test: 

 Service type (gas or liquid) 
 Regulatory jurisdiction 
 Current and desired MOP or MAOP  
 Installation date 
 Mill Test Report (MTR)  
 Outside diameter 
 Wall thickness 
 Grade, SMYS 
 Elevation profile 
 Seam type, including: 

o lap welded 
o low-frequency (LF) or high-frequency (HF) ERW 
o direct current (d.c.) ERW 
o electric flash welded (EFW) 
o double submerged arc welded (DSAW) 
o single submerged arc welded (SSAW) 
o helical (or spiral) welded 
o seamless (SMLS) 

 Pipe Manufacturer (potentially critical if identified as a pipe type of concern based on 
failure history or when other information is missing, such as seam type)  
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 Date of manufacture (to establish mill test pressure if MTRs are unavailable)   
 ANSI rating of system components 
 Pump or compressor station locations 
 Valve locations 
 Other potential isolation locations 
 Total length of exposed pipe 
 River or water crossing locations 
 Bore and road crossing locations 
 Foreign line crossing locations (particularly if heated pipeline) 
 Locations of buildings or public spaces in close proximity 
 For re-inspection only (not applicable for new construction) 

o Pressure test history (previously achieved test pressures, segmentation and the 
location, pressure and cause of any failures) 

o Service rupture or leak history (cause of failure, failure pressure and failure 
location) 

o ILI history (past inspection results, field observations and remaining defect size 
and location) 

o Material test results (such as actual yield strength, tensile strength, and 
toughness determined by destructive testing) 

o Operating pressure history 

Unknown Pipe Properties 
There are instances when some pipeline attributes are unknown; this could be due to lack of 
documentation or conflicting documentation.  Two parameters that can have a significant 
impact on the outcome of a pressure test are material strength and longitudinal seam weld 
properties; so if either of these two parameters is unknown a conservative yet plausible 
assumption of yield strength and seam type should be made.   

A chief concern with pipe of unknown grade is that federal regulations stipulate that the yield 
strength be taken as 24,000 psi (unless determined otherwise by CFR 195.106(b) or CFR 
192.107(b)) for the calculation of IDP and determination of MOP or MAOP4.  While missing 
information on yield strength will affect MOP and MAOP, it does not negate the value of 
achieving a high test-pressure-to-operating-pressure ratio (TPR) from the standpoint of 
demonstrating a margin of safety.  To achieve this, the upper limit on test pressure can be 
determined during testing by monitoring for yielding and stopping after some amount of 

                                            
 
4 24,000 psi corresponds to the yield strength for wrought iron pipe, the lowest common grade of line pipe manufactured 
historically. 
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yielding has occurred.  Pressuring until yielding has occurred can benefit the pipeline by 
allowing the highest possible TPR to be achieved.    

When no information is known about the seam type, it is recommended to assume the material 
has toughness and seam type consistent with what may be known about the pipe, such as an 
early vintage, LF-ERW pipe.  This assumption is for test planning only.  For MAOP and MOP 
determination refer to 49 CFR 192.105 or 49 CFR 195.106 for valid longitudinal seam joint 
factors when seam type is unknown.   

To a certain degree assuming properties during the test planning phase comes down to 
judgment.  That decision should take into account what information is known about the pipe in 
question, what is known about the pipeline system as a whole and what impact the assumed 
value will have on the overall test plan.  Previous tests and operational history can be studied to 
make postulations as to the material strength for the purpose of establishing a target test 
pressure.  A review of industry requirements in place during the era of construction (such as 
API 5L or API 5LX) can provide useful information, if one can make a sound assumption 
industry practices were followed.  Another useful resource is the ASME Research Report, History 
of Line Pipe Manufacturing in North Americaiii, which includes summaries of many common pipe 
manufacturers that may narrow the possible range of variables in missing information.  
Consideration should be given to the possibility of pipe having been salvaged or reused and 
being older than its installation date of record.  In-line inspection using suitable technology may 
indicate segments of the pipeline having characteristics indicative of dissimilar wall thickness, 
seam type, or steel properties. 

Optimal test effectiveness, as well as public or worker safety during testing, may depend on 
having accurate knowledge of pipe strength and seam type.  Where deductive analysis cannot 
provide needed confidence in the test design, selective material sample testing may be prudent.  

Manufacturers’ Hydrostatic Test Pressures 
API Specifications 5L and 5LX require a brief hydrostatic test be conducted at the time of 
manufacture, referred to as a mill test.  Specifications for mill test pressure vary by pipe seam 
type, size, grade and year of manufacture (relevant to the existing edition of specification).   

Depending on pipeline design, construction, and elevation, it is possible that the highest level a 
pipe has been (or will be) pressurized to occurred at the time of manufacture.  On the other 
hand, conditional to the operational or integrity management requirements for a pipeline, a 
pressure test may need to exceed mill test pressures.  A review of minimum mill test pressures 
can help determine appropriate target test pressures, particularly in the absence of construction 
or post-construction pressure test information.   
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Table 5 and Table 6 were developed from API 5L Line Pipe Specifications and give the minimum 
pressure test levels required based on pipe type and grade.  If actual MTRs are unavailable for 
review, these tables may indicate the minimum mill test pressure achieved, assuming the 
vintage and grade of pipe are known.  The effectiveness of the mill test should be discounted 
5% to 10% due to the test being so brief (5 seconds) that it could end before the pipe has a 
chance to fail.  The discount is derived from the observation in lab tests that stable tearing can 
occur if a defect is held to within 90% of its immediate-failure stress, and unstable tearing can 
occur if it is held within 95% of its immediate-failure stress5.  Thus a latent defect could remain 
that, if stressed at a slower rate, could fail at perhaps 81% to as low as 77% of SMYS even if 
the pipe had survived a test to 85% at the pipe mill.   

Table 5. Manufacturers' Minimum Hydrostatic Tests for API 5L Line Pipe 
Manufactured Prior to 1942 

Type and 
Grade of 

Pipe 

Year of 
Manufacture

Yield 
Strength, 

psi 

Minimum
Mill Test 
Pressure,
% SMYS

Seamless, Grade A 1928, 1931 30,000 46.6 
Seamless, Grade B 1928, 1929 40,000 45.0 
Seamless, Grade C 1928, 1931 45,000 40.0 

Lap-welded 1928 - 1941 25,000 56.0 
Lap-welded 1928 - 1941 28,000 50.0 
Lap-welded 1928 - 1941 30,000 46.6 

Seamless, Grade B 1930, 1931 38,000 47.4 
Seamless or Electric Welded, Grade A 1932 - 1941 30,000 46.6 
Seamless or Electric Welded, Grade B 1932 - 1941 35,000 45.7 
Seamless or Electric Welded, Grade C 1932 - 1941 45,000 40.0 

 
  

                                            
 
5 Kiefner, J.F., Maxey, W.A., and Eiber, R.J., “A Study of the Causes of Failures of Defects That Have Survived a Prior Hydrostatic 
Test”, NG-18 Report No. 111, November 3, 1980. 



FINAL 
18-060 

Kiefner and Associates, Inc.  September 2018 18 

Table 6. Manufacturers' Minimum Hydrostatic Tests for API 5L Line Pipe 
Manufactured After 1941 

 

 
Service Failure and Pressure Test Failure History  
A study of service failures and pressure test failures should be performed.  The quality of 
documentation for failures may vary; however, if available, the following information should be 
gathered: 

 Service or pressure test failure analysis 
 Failure date 
 Failure location (mile post, stationing) 
 Pipe properties (diameter, wall thickness, grade, vintage, seam type, manufacturer) 
 Failure pressure at the failure location (in psig and %SMYS) 
 Cause of failure 
 Failure location on the pipe (weld, longitudinal seam, pipe body, clock position) 
 Mode of failure, rupture or leak 
 Evidence of growth  
 Distance from upstream discharge location 
 Years of operation since previous pressure test 
 Amount of time on test before failure discovered (if test rupture) 
 Size of pressure reversal (if test rupture)  
 Material testing results (yield strength, tensile strength, toughness and chemistry) 

Type and 
Grade of 

Pipe 

Diameter, 
inches 

Year of 
Manufacture

Standard 
Mill Test 
Pressure, 
% SMYS 

Lap-welded Steel Pipe all 1942 - 1962 60.0 
Grades A and B all 1942 - 1982 60.0 
Grades A and B 2⅜ and larger 1983 - present 60.0 

Grade C (45,000 psi) all 1942 - 1954 60.0 
X Grades, all types all 1949 - 1952 85.0 
X Grades, all types < 8⅝ 1953 - 1961 75.0 
X Grades, all types 4½ 1962 - 1969 60.0 
X Grades, all types 4½ and smaller 1969 - 1982 60.0 
X Grades, all types 6⅝ - 8⅝ 1962 - 1999 75.0 
X Grades, all types 10¾ and larger 1953 - 1955 85.0 
X Grades, all types 10¾ - 18 1956 - 1999 85.0 
X Grades, all types 59⁄16 and smaller 1983 - present 60.0 
X Grades, all types >59⁄16 and <8⅝ 2000 - present 75.0 
X Grades, all types 8⅝ - 18 2000 - present 85.0 
X Grades, all types 20 and larger 1956 - present 90.0 
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Based on the review of the failures certain conclusions on the pipeline could be made, 
including:   

 Evidence of a common cause of failure  
 Evidence of a common mode of failure 
 Pipeline section(s) that exhibits a higher rate of failure 
 Identification of primary threats 
 Evidence of susceptibility to pressure reversals  
 Evidence of substandard pipe material 

Assessment History 
At a minimum, the most recent pressure test conducted on the pipeline system should be 
reviewed.  The following information shall be gathered: 

 Test date 
 Segmentation 
 Maximum test pressures and range of %SMYS achieved 
 Range of TPR achieved 
 Number of test failures per segment 
 Number and size of pressure reversals 
 Significant pressure fluctuations due to temperature affects  

For pipeline systems with an extensive history of pressure testing a progressive analysis of 
pressures achieved and failures experienced can provide insight into the effectiveness of the 
pipeline’s integrity management of time-dependent threats.  If past testing programs were not 
effective in the prevention of service failures caused by time-dependent threats, a higher test 
pressure should be considered or supplemental activities to the pressure test should be 
executed.  If a higher test pressure than ever previously achieved is considered, the operator 
should be aware of the increased likelihood of test failures.   

ILI inspection results should be studied.  Whether the ILI performed reasonably well with 
respect to management of active integrity threats should be established.  The hydrostatic test 
should be developed to address any shortcomings of the ILI assessment if possible.  ILI results 
could be used to minimize the occurrences of test breaks and leaks during a pressure test.  The 
following should be determined based on a review of ILI assessment results: 

 Pipeline section(s) that exhibits a higher concentration of defects (consider type) 
 Identification of primary threats  
 Location of remaining defects on the pipeline 
 Size of remaining defects on the pipeline 
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 Vendor stated sizing tolerance 
 ILI validation results for detection, identification or characterization and sizing 
 Predicted failure pressure of remaining defects on the pipeline 

An appropriate fitness-for-service (FFS) calculation method should be applied for each 
unrepaired feature type identified by ILI.  There are several valid FFS methods covered by 
industry documents; the PRCI Project PR-218-05404 report, Pipeline Defect Assessment – A 
Review & Comparison of Commonly Used Methodsiv, is broadly applicable.  Additive sizing 
tolerance should be included in the failure pressure predictions if the ILI validation results 
indicate the tool performed outside of specification.  The estimated failure pressure of the 
unrepaired features should be compared to the planned test pressure (accounting for 
hydrostatic pressure if testing with liquid).  If the estimated failure pressure is less than the 
planned test pressure an operator can elect to repair the feature prior to executing the test in 
an effort to prevent test failures and minimize downtime.  Alternatively, features with an 
estimated failure pressure above the planned test pressure can be allowed to remain 
unrepaired.  If a feature was oversized by ILI or is located on a joint of pipe with higher than 
minimum specified material properties it should survive the pressure test6.  Otherwise the 
feature will fail during testing and can be removed for further evaluation.  The decision as to 
which features to repair prior to testing relies on the consequence of failure, confidence in ILI 
sizing, and management of operation downtime.  If the consequence of failure is severe, an 
effort should be made to repair most if not all features estimated to fail.  If the consequence of 
failure is minor, and the confidence in ILI performance is high, an attempt to test at the 
planned target pressure without further repair could be made.  If pipe containing an ILI feature 
passes a pressure test without failure, then it has demonstrated its integrity for immediate 
serviceability. 

All ILI feature types identified should be studied and their effect on the integrity of the pipeline 
understood.  That said, the most critical ILI features recommended for FFS review prior to 
pressure testing are longitudinal seam weld cracks, longitudinal SCC, and selective seam weld 
corrosion (SSWC) because these defects are more likely to be identified by pressure testing. 

Pipeline Operation 
Test objectives shall take into consideration future operational needs, as well as past pipeline 
operation.  Future operational needs are inherent to the minimum test limitations with respect 
to MOP or MAOP determination.  If a pipeline operates with aggressive pressure cycles it may 
be at higher risk for fatigue related failures.  If the operating regime has changed, or is 

                                            
 
6 Unless destructive testing of a pipe joint is performed, absolute feature size and actual material properties can only be estimated 
statistically.   
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expected to change, threats that may have been dormant could become active (or vice versa) 
possibly changing the objectives of the current assessment as compared to past assessments.  
It is also recommended to review actual operating data in addition to documented MOP or 
MAOP, because there are instances where the normal operating pressure is significantly lower 
than the stated MOP or MAOP.  Understanding the margin between the normal operating 
pressure and the planned test pressure allows for better insight into the likelihood of failures. 

Pipeline operation has an impact on the logistics of a pressure test.  If possible, testing should 
be executed when downtime on the pipeline will have less of an impact on product supply.  
Sometimes this corresponds to a scheduled refinery turnaround.  In other instances pipeline 
utilization may vary seasonally.  When developing test plans, minimizing downtime on highly 
utilized pipelines is generally an objective.  However, equal consideration should be given to the 
risk of service failures on such pipelines if the test plan does not aggressively target active 
threats.   

Test Pressure 
Once a review of the above considerations is complete, one should have a solid understanding 
of the goals of the pressure test in terms of integrity management and operational 
requirements.  Planned test pressures should be established to best facilitate those goals, while 
ensuring federal, state and local regulations are met.  This section of the guidance document 
will cover general minimum and maximum test pressure bounds for pipelines.  The minimum 
bound test pressures discussed here only apply to a conventional (or hold) pressure test, 
however the concepts introduced for maximum bound test pressures are applicable to spike test 
pressures as well and will be explained in the subsequent section of this report.   

Concepts 
Pressure tests should be designed uniquely to address pipeline specific threats and operational 
needs.  Pipeline attributes, operating history, failure history, past assessment results, integrity 
threats and desired time to re-inspect should all be integrated into the process of determining 
the appropriate test level and test segmentation.  Integrating these key factors into a test plan 
should maximize the effectiveness of a pressure test.   

A pressure test should be carried out to the highest possible pressure levels feasible in order to 
maximize the benefits of the test.  Test-pressure-to-operating-pressure ratio (TPR) is the most 
important factor; the higher the ratio the greater the margin of operational safety.  The higher 
the ratio the greater the margin between defects small enough to survive a test and those large 
enough to fail at MOP or MAOP.  This principal theory is the basis for the following guidelines on 
test pressure determination and is discussed extensively in, “The Benefits and Limitations of 
Hydrostatic Testing” by J.F. Kiefner and W.A. Maxeyv.   
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The value of having a large TPR is apparent when considering the effect on re-inspection 
intervals for the control of time-dependent defect growth.  The time that it takes for a defect 
that survives a pressure test to grow in service to a size that endangers the pipeline will 
increase as the margin between test pressure and MOP or MAOP increases. 

Maximum Bound Pressure 
Based on the above principles pressure test procedures should allow for the possibility of a 
maximum test pressure of 110% SMYS.  Pipe that meets the specified minimum yield strength 
is not likely to be appreciably expanded even if tested to hoop stress levels of 110% SMYS7.  
Information gathered specific to the pipeline may suggest a target test pressure lower than 
110% SMYS is more appropriate, especially if the material has demonstrated the inability to 
maintain high levels of hoop stress without incurring ruptures.  The stress levels on low 
toughness materials or pipe with lap-welded seams, low-frequency-welded or dc-welded ERW 
seams, flash-welded seams, and single-submerged-arc-welded seams should not exceed 100% 
of SMYS unless it is found that no seam failures have occurred in the past or provisions are 
made to lower the target test pressure if seam failures occur during testing.  If multiple seam 
failures have occurred on such pipe, it may be difficult even to exceed the mill test pressure.  

If a pressure-rated component, such as a flanged fitting or a valve, is to be pressurized during 
testing, the rated working pressure should not be exceeded by 150%vi or a marginal value 
above this limit (see Limitation of Components section of this report).  The potential effects of 
biaxial loading should also be considered when determining the maximum pressure bound (see 
Biaxial Loading Effects section of this report).   

Minimum Bound Pressure 
Minimum requirements for pressure testing are outlined in 192 Subpart J for gas pipelines and 
195 Subpart E for liquid pipelines.  Subparts J and E cover hold time and safety factors for the 
determination of MAOP and MOP, respectively.  These tests are commonly designated as 
conventional or hold tests. 

Federal regulation 195 Subpart Evii pressure testing requirements stipulate a strength test be 
held at a minimum of 1.25 times the MOP for four hours; and, in the case of a pipeline that is 
not visually inspected for leakage during the test (such as a buried or partially buried pipeline 
segment), for at least an additional four continuous hours at a minimum of 1.10 times the MOP.  

                                            
 
7 Statistically, there is some probability of a small number of pipe joints not meeting SMYS even where the production of the pipe 
met all requirements of API 5L.  
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Unless stated otherwise, Federal regulation 192 Subpart Jviii pressure testing requirements 
stipulate a pressure test be held for at least eight continuous hours for MAOP certification. 
Table 7 has been reproduced from CFR 192.619 (2)(ii) and specifies factors for MAOP 
determination of steel pipelines in gas service to operate at or above 100 psig.  The minimum 
test pressure achieved during an 8-hour Subpart J test shall be divided by the factors given 
below to determine the MAOP for the pipeline segment.  Additional requirements apply for 
pipelines to certify for alternative operating stress levels under §192.620. 

Table 7. Factors by Class Location per CFR 192.619 (2)(ii) 

Class 

Location

Factors8, if segment - 

Installed before 
(Nov. 12, 1970)

Installed after 
(Nov. 11, 1970)

Converted 
under 192.14 

1 1.10 1.109 1.25 
2 1.25 1.25 1.25 
3 1.40 1.50 1.50 
4 1.40 1.50 1.50 

 

Planned Test Pressures 
Once the minimum pressure and maximum pressure bounds are known, the planned (or target) 
test pressure can be developed for the pipeline segment.  The planned test pressure should be 
defined such that the minimum pressure is exceeded by at least 10 psig at the high point 
elevation location and the maximum pressure less 10 psig is not exceeded at the local low point 
elevation for each respective pipe type and component.  For example, if the minimum pressure 
bound is Pmin and the maximum pressure bound is Pmax the planned test pressure (Pplan) at the 
high point elevation is suggested to be greater than or equal to Pmin plus 10 psig and Pplan at the 
low point elevation is suggested to be less than or equal to Pmax minus 10 psig at the low point 
elevation.  The 10 psig margin is a precaution or allowance for potential error, such as 
unintended, high rate pressure increases or decreases due to thermal changes.  The planned 
test pressure should fall at a value between these two constraints.  It is recommended that the 
planned test pressure value is closer to the higher bound to maximize the benefit of the test; 
unless a spike test is to be conducted prior to the conventional test, and then the test value 
may be closer to the lower bound (see Spike Test Pressure section of this report).  It is 
recommended that the planned test pressure be expressed at a unique reference point (such as 

                                            
 
8 For offshore segments installed, uprated or converted after July 31, 1977 that are not located on an offshore platform, the factor 
is 1.25.  For segments installed, uprated or converted after July 31, 1977 that are located on an offshore platform or on a platform 
in inland navigable waters, including a pipe riser, the factor is 1.5. 
9 ASME B31.8 increased the minimum test pressure ratio from 1.10 to 1.25 for both pneumatic and hydrostatic pressure tests in 
2012 because of the conclusion 1.10 is inadequate to assure stability of manufacturing defects for an indefinite period of time. 
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the planned deadweight location) rounded up to the nearest 5 psig for conservatism and 
communicated in a written test plan. 

Spike Testing 
A short-term pressure test at a higher pressure than, and implemented just immediately prior 
to, a conventional pressure test is commonly known as a spike test.  The following four 
resources significantly helped shape the guidelines related to spike testing presented herein:  

 Rosenfeld, M.J., “Hydrostatic Pressure Spike Testing of Pipelines: Why and When?”, 
Journal of Pipeline Engineering, December 2014;  

 “Recommended Practice for Assessment and Management of Cracking in Pipelines”, API 
Recommended Practice 1176, July 2016;  

 Michael Baker, Jr., Inc. and Kiefner & Associates, Inc., “Spike Hydrostatic Test 
Evaluation”, Report No. TTO-6, Contract DTRS56-02-D-70036, July 2004; and 

 Kiefner, J.F., Maxey, W.A., and Eiber, R.J., “A Study of the Causes of Failures of Defects 
That Have Survived a Prior Hydrostatic Test”, NG-18 Report No. 111, Catalog L51398, 
November 3, 1980. 

It is recommended that the technical support reported and discussed within each of the above 
references be reviewed by the user. 

Spike Test Duration 
The duration of a pressure test is not critical to the effectiveness of an assessment in terms of 
integrity management.  This statement is based on fracture mechanics principles and 
experience, and is supported by industry researchix.  There is little to no benefit in holding a 
spike test longer than necessary to verify the pressure being measured is stable.  This depends 
on the conditions of the test, but a timeframe of three to ten minutes is recommendedx.  The 
benefit of longer hold times is for the detection of leaks and does not improve the integrity of 
the pipeline.  A leak test performed at a pressure that is less than the maximum strength test 
pressure level can be effective and is less damaging.  

When to Perform a Spike Test 
Spike testing, though not currently required by regulations, can be beneficial and is therefore 
recommended in certain specific circumstanceslxx, xi.  It is possible to consider three categories 
for the appropriateness of a spike test: (1) advisable, (2) unnecessary or discretionary, and (3) 
undesirable.  These are described below. 

1. Spike testing is beneficial and therefore recommended in certain specific circumstances, 
namely: 

a. Where crack-like defects such as SCC, selective corrosion of ERW seams, 
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bondline defects in older-vintage ERW seams, and seam fatigue cracks are 
expected to exist based on evidence from inspections or failures; or 

b. Where it is desired to increase the retest interval for time-dependent defects; or 

c. Where documentation is unable to confirm the attributes of the pipe and also 
unable to confirm that a prior hydrostatic test has occurred. 

2. Spike testing is unnecessary though not harmful, and is therefore discretionary, in the 
following situations: 

a. Where the purpose of the test is to demonstrate the strength of the pipe where 
crack-like defects are not expected to be present; 

b. Where the standard test margin is 1.4 or greater; or 

c. Where the pipe being tested is new. 

3. Spike testing would be undesirable in certain specific circumstances, including: 

a. Where the spike pressure above the minimum required standard test level could 
damage pipe, for example where it greatly exceeds a mill test level in older 
vintage line pipe;  

b. Where the spike pressure level would exceed the recommended maximum test 
pressure levels of components such as flanges or valves; or 

c. Where the margin above the spike pressure level could be insufficient to prevent 
damage to the pipe due to a pressure increase caused by fluid thermal expansion 
effects during the test, which could be the case where the test encompasses a 
large elevation spread, the test section is very short, or the test temperatures 
are high. 

The National Transportation Safety Board (NTSB) has recommended conducting a spike test 
followed by a standard hydrostatic strength test (or conventional pressure test) specifically in 
high-consequence area pipeline segments where records are unable to confirm the pipe 
attributes and also unable to confirm that a prior hydrostatic pressure test took place, as listed 
in (1)(c) abovexii.  The NTSB’s recommendation to conduct spike testing is reasonable within the 
suggested scope, but it cannot be generalized to all testing situations.  A spike test could be 
considered unnecessary in many conventional testing situations, such as those listed in category 
(2) above.  Note that this includes situations where the standard test margin is 1.4 or greater, 
as listed in (2)(b) above.  The rationale for (2)(b) is that pressure reversals as large as 30% of 
the test pressure have been shown to be statistically exceedingly improbable.  Therefore, a 
reduction in pressure for the leak test from the high pressure is unnecessary, so whether the 
test is performed in a spike format is irrelevant.  Finally, there are situations listed above in 
Category (3) where a spike test could be harmful and is therefore not recommended. 

Spike Test Pressure 
The effectiveness of the spike test is gauged by the TPR.xiii  Analysis has shown that where a 
defect growth mechanism can act on defects that survive a hydrostatic pressure test, pipelines 
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operating at lower stress levels require a larger test pressure ratio than pipelines operating at 
higher stress levels in order to achieve assurance of the integrity of the pipe for the same 
length of time.  In other words, a test to 1.25 times MOP is not as effective a test in a pipeline 
operating at a low stress as it is in a pipeline operating at a high stress.  The logic behind this is 
as follows.  Where the operating stress is high, 1.25 times that high stress is a very high stress 
that only small defects could survive; where the operating stress is relatively low, 1.25 times 
that low stress is still a low stress which relatively large defects could survive.  Given a defect 
growth mechanism in service, whether corrosion or pressure cycle fatigue, large defects grow 
to failure in less time than small defects.  To offset this effect, lower stress pipelines must be 
pressure tested to higher levels relative to the operating pressure, or larger TPR, in order to 
achieve the same time to failure or reassessment intervalxi.  

Relying on a series of pressure cycle fatigue analyses using standard fracture mechanics 
concepts, the referenced TTO-6 report recommends that the spike test pressure to MOP (or 
MAOP) ratio be calculated as: 

TPR = −0.00736 (% SMYS at MOP) + 1.919   Equation 610 

when pressure-cycle-induced fatigue is anticipated, and 

TPR = −0.02136 (% SMYS at MOP) + 3.068   Equation 710 

when SCC or selective seam corrosion are anticipated. 

A research study on test pressures for mitigating the pipe manufacturing defect integrity threat 
in natural gas pipelines offers additional support for larger TPR for pipelines operating at lower 
stressesx.  The study compared TPRs necessary for a practical safe operating life prediction (as 
determined by deterministic and probabilistic failure models) to CFR 192 pressure test 
requirements and TTO-6 recommendations for the management of fatigue-crack growth.  The 
results confirm that lower operating stress or greater TPR reduce the probability of failure at 
any given time to failure, however TPR has the significantly stronger influence.  While not 
matching precisely, it was concluded that there is general agreement between the deterministic 
model and the probabilistic model that seeks to equalize risk by accounting for population 
density.  In fact, the probabilistic approach suggests that the dual criterion (whereby the test 
pressure must exceed the lessor of a hoop stress level or TPR) from the deterministic approach 
should standardize on the greater, rather than the lesser, of the two criteria.  The probabilistic 
results also support the recommendations from TTO-6 for pipelines operating at stress levels of 

                                            
 
10 TTO-6 refers to “HTP/MOP” rather than the naming convention of TPR utilized throughout this document. 
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60% SMYS or greater, but suggest a slight increase in TPR  might be appropriate for pipelines 
operating at lower stress levels in order to maintain uniform risk levels accounting for higher 
density land development in gas pipeline Class 3 or 4 locations.  While this study and 
corresponding conclusions are specific to manufacturing defect integrity in natural gas pipelines, 
it is reasonable to assume that similar results could be found for liquid pipelines and an 
analogous study is merited. 

Target test pressures developed for integrity management purposes may not correspond to 
pressure levels required for conventional pressure tests (i.e. 8 continuous hours for MOP 
determination).  Therefore, if the target test pressure levels determined in the previous section 
of this report exceed minimum requirements for the certification of MOP or MAOP by 
approximately 5% or more consider conducting a spike test.  Essentially, after a spike test is 
completed, the pressure should be reduced by at least 5% and preferably 10% of the spike test 
pressure achieved, while still meeting the minimum regulatory requirementsxi.  For instance, if a 
pipeline subject to 195 Subpart E pressure testing requirements is limited to an MOP of 1,440 
psig but a target test pressure of 2,200 psig is determined to best address integrity concerns for 
the pipeline, it is recommended to conduct a spike test at 2,200 psig then reduce pressure for 
the conventional test to a level that would result in a minimum pressure of 1,800 psig (1.25 
times 1,440 psig) on the segment. 

Limitation of Components 
Test pressures must not exceed the tolerable limits of flanges, valves, or other pressure rated 
components included within a test section.  A common tolerable limit instituted by pipeline 
operators in the past is 1.5 times the stated working pressure of the component, yet there are 
instances when this limitation either restricts operating pressure or integrity related goals.  The 
1.5 factor is derived from the requirements of long standing flangexiv,xv and valvexvi,xvii product 
standards which generally state that the flange or flanged component must be capable of 
withstanding a system pressure test without impairment to 1.5 times the rated working 
pressure.   There is good experimentalxviii and analyticalxix evidence that a flanged connection 
can withstand pressure considerably in excess of 1.5 times the rated working pressure, 
provided it is properly assembled and not acted on by high external loadings.  That conclusion 
may not extend to mechanical components such as valves.  Manufacturers generally limit 
excess pressure recommendations to the specified test capability. The amount of pressure in 
excess of 1.5 times the room temperature pressure rating is a matter of judgement and the 
user is cautioned that higher pressures may exceed a component’s expected performance 
capability, or void a manufacturer’s warranty.  If the flanged joint does not leak during an 
overpressure test, then it was probably not harmed. 
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Prior to any pressure test, 1.5 times the specified rated pressure for each component within the 
test section should be compared to the intended maximum pressure (including effects of 
elevation) as determined by either the Test Pressure or Spike Testing sections of this document.  
For locations of components where the planed maximum test pressure exceeds 1.5 times the 
rated pressure, one or more of the following options should be considered: 

 Temporary or permanent removal of the component from the test section (could be 
justified if the pressure rating is significantly lower than test targets) 

 Reconfigure the test segmentation (may only be effective for pipeline segments having 
large elevation differentials or variable MOP or MAOP); 

 Reduce the test pressure (may result in a reduction of MOP or MAOP, or overall 
effectiveness of pressure test); 

 Allow the test pressure to marginally exceed 1.5 times the specified rated pressure and 
confirm absence of leakage during the test. 

In addition to the considerations for tolerable test pressure, components should be inspected 
and confirmed in good condition prior to pressure testing. Inspection results may suggest that 
new gaskets, seals and/or packing should be installed on flanged components and valves prior 
to pressure testing (proper bolt tightening procedures should be observed with any modification 
to separated flanges).  

Test Segmentation 
Test segmentation is dependent on the goals of the test and pipeline design.  Each pressure 
test design will be unique; however the following general guidelines represent best practices 
implemented for many pressure testing projects and are provided as a starting point for test 
segmentation development.  If a pipeline has significant elevation changes or multiple pipe 
types of varying strength, a best effort should be made to minimize the range of %SMYS across 
a test section.  Minimizing the allowable range of %SMYS can be necessary to achieving 
consistent integrity benefits for a pipeline system.  The test section length should be limited to 
prevent an elevation difference from exceeding approximately 300 feet (equivalent to a 130 
psig pressure differential if testing with water).  In general, segmentation lengths of 30 miles or 
less can accommodate these goals.  New construction projects which utilize heavier wall pipe at 
lower elevations can accommodate larger elevation changes in a test and achieve cost savings 
by reducing the number of test sections.  Examples of how to calculate pressures at various 
locations along an elevation gradient for a test segment are provided in the Pipeline Rules of 
Thumb Handbookxx.  It may be necessary to install vents at intermediate hilltops (high point 
elevations) in an effort to reduce the amount of entrapped air within a test segment.   

Above ground valve locations typically serve as good test boundaries (or end points) for a 
segment.  Boundary locations should be selected to facilitate positive isolation of the test 
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section and for safe, convenient access for personnel and equipment needed to install headers, 
source test media, and de-pressure.  The potential need of further segment isolation in the 
event of a leak search should be considered.  Ideally a segment will have a valve between the 
upstream (US) and downstream (DS) boundaries that can be closed in the event further 
segmentation is needed to locate a leak.  If a pipeline has a history of small leaks, or a primary 
threat of defects that are known to fail as small leaks, shorter test sections should be planned 
in order to reduce the amount of volume per test section.  The smaller the test volume the 
greater the pressure drop will be if a leak does occur, making it easier to verify the existence of 
a leak.   

Test Media 
A pneumatic test is a pressure test where the test medium is a compressible gas such as 
nitrogen, air or any other gas.  A hydrostatic test is a pressure test where the test medium is a 
liquid, such as water, petroleum products, or crude oil.  Water is the most commonly used test 
medium for pressure testing, and is the exclusive test medium stipulated in many operator 
policies on pressure testing.  However there are instances where other media are equally viable 
or preferred.  Some pipelines are not optimized to be pressure tested using water due to issues 
with filling, dewatering, drying, weight of test liquid in spans, providing and maintaining service 
to downstream customers and extended line downtime.  Inert gas testing offers advantages for 
downtime of the pipeline, cost, as well as post-test dewatering and drying issues.  The hazards 
and risk prevention and mitigation measures applicable to pressure testing pipelines are critical 
to determining which test medium or fluid is best suited for each pipeline circumstance.  Safety 
considerations and understanding the hazards related to pressure testing are discussed under 
the Safety Considerations section of this report and should be reviewed and referenced as part 
of the test media selection decision. 

Test Medium Selection 
Selection of the optimal pressure test medium must consider a number of factors including: the 
likelihood of a test failure; possible failure mechanisms; the potential consequences; regulatory 
limits; feasibility; and impact on operations.  A critical factor is the maximum hoop stress 
allowed as percentage of SMYS.  In accordance with 49 CFR Part 192.503, natural gas and air 
or inert gas tests are limited to lower maximum test pressures than tests conducted with water 
as the medium11.  Table 8 details the maximum test pressure and factors per the Part 192 
section referenced above.  The choice of test medium could therefore affect operating stress 

                                            
 
11 The additional restrictions on maximum pressure test stress levels imposed for natural gas, air or inert gas tests are in place to 
reduce the risk of failure because failure with test media other than water can have higher safety and environmental consequences.   
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levels.  Due to this factor, some tests have no alternative other than water testing.  Other tests 
could be conducted using water or gaseous media.  

Also, 49 CFR Part 195.306 allows liquid petroleum that does not vaporize rapidly, air, carbon 
dioxide or inert gas as the test medium given a number of criteria are met that are more 
restrictive than testing with water.  Table 9 outlines the conditions that must be met per 49 CFR 
Part 195.306 when using a test medium other than water.  Because exact maximum test 
pressure limits are not specified per regulation for liquid operated pipelines, as they are for gas 
operated pipelines, a column for maximum operating stress is not provided in Table 9.  
However, it can be implied that for many scenarios the operating stress will be limited to a 
maximum pressure notably less than 72% of SMYS.  For example, if the maximum test stress is 
limited to 50% of SMYS, the operating pressure cannot exceed 40% of SMYS. 

Table 8. CFR 192.503 Testing Requirements and Restrictions for Test Media other 
than Water 

Class Max test stress, % SMYS Test 
Factor 

Max operating stress, 
% SMYS 

Natural Gas Air or Nitrogen Natural Gas Air or Nitrogen 

1 80 80 1.2512 64 64 
2 30 75 1.25 24 60 
3 30 50 1.5 20 33 
4 30 40 1.5 20 26 

 

  

                                            
 
12 Part 192 allows a test factor of 1.1 for testing with air or gas in Class 1.  However ASME B31.8-2010 revised the minimum test 
factor to 1.25 based on research and analysis. 
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Table 9. CFR 195.306 Testing Requirements and Restrictions for Test Media other 
than Water 

Pipeline Conditions Test 
Medium 

Max test 
stress, % 

SMYS 

Onshore 

1. Entire section under test is outside of cities and 
populated areas 

2. Each building within 300 feet is unoccupied 
3. Test section is kept under surveillance by regular 

patrols during the test 
4. Continuous communication is maintained along 

entire section Liquid 
Petroleum13 

≥ 50 

Onshore 

1. Entire section under test is outside of cities and 
populated areas 

2. Test section is kept under surveillance by regular 
patrols during the test 

3. Continuous communication is maintained along 
entire section 

< 50 

Carbon 
Dioxide 

1. Entire section under test is outside of cities and 
populated areas 

2. Each building within 300 feet is unoccupied 
3. Continuous communication is maintained along 

entire section 
4. Pipe being tested is new and has a longitudinal 

joint factor of 1.00 

Air or 
Carbon 
Dioxide 

< 80 and ≥ 50 

Carbon 
Dioxide 

1. Entire section under test is outside of cities and 
populated areas 

2. Continuous communication is maintained along 
entire section 

3. Pipe being tested is new and has a longitudinal 
joint factor of 1.00 

Air or 
Carbon 
Dioxide 

< 50 

Low-
Stress 

1. The pipeline is operated in its entirety at a stress 
level of 20% or less of SMYS. 

Air or Inert 
Gas Not Specified 

 

                                            
 
13 Liquid petroleum that does not vaporize rapidly. Same condition is provided by ASME B31.4-2016 section A37.4.1. 
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Test method selection might also be affected by the relative possibility of failure during the test.  
Table 10 shows an example of a method for ranking the relative probability of a test failure due 
to the three most likely possible causes of a test failure in the pipe, applied by an operator 
contemplating extensive pneumatic testing.  The test-break susceptibility score is calculated as 
the product of the scores for pipe vintage, test stress level, prior test history, and prior integrity 
assessments.  The scores were informed in part by relative rates of occurrence in PHMSA’s 
reportable incident data as well as engineering judgement.  In this model, a relative likelihood 
of test failure is calculated as the ratio of the aggregated score divided by a maximum possible 
score of 3240.  A “probability” below 10% is low enough to suggest that a test break is unlikely, 
while a “probability” greater than 30% is high enough to warrant some expectation of a test 
break.  This risk ranking process was designed to accentuate differences in likelihood of a test 
break due to prevalent causes, and does not address the potential for a test failure occurring 
due to causes such as damaged or defective test equipment or procedural error. 

Table 10. Relative Possibility of Test Failure 

  Cause of Test Break   

  
Mechanical 

Damage Corrosion Seam Score

Pipe vintage         
New or after 2000 1 0 0 1 
1970 – 2000 1 1 1 3 
1961-1970 1 1.5 1.5 4 
1942-1961 2 2 2 6 
Before 1942 3 3 3 9 
Test pipe stress ranges         
Less Than 50% SMYS 0.5 1 0.5 2 
50% - 90% SMYS 2 2 2 6 
Greater Than 90% SMYS 3 3 3 9 
Prior Hydrostatic Test or Mill Test          
Current Test is Less than Prior Test 1 1 1 3 
Current Test Greater than Prior Test 1 1 3 5 
Prior Assessment         
ILI,DA <= 10 yrs 1 1 2 4 
10 yrs< ILI,DA <20 yrs 2 2 2 6 
None or >20 yrs 3 3 2 8 

 
The relative model described above was used by a pipeline operator as part of a process for 
screening pipeline segments for pneumatic testing.  Another operator relied on a probabilistic 
fault-tree analysis that considered construction QA practices, nondestructive inspection 
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sensitivity, and equipment failure rate data in a process for screening large piping systems 
within a facility for pneumatic testing. 

Each test method differs in potential consequences of failure and all the factors of the test 
should be considered.  Required MOP or MAOP, proximity to populated areas, product type, 
onshore versus offshore, class location, minimum depth of cover over the pipeline, occupied 
structures within a potentially affected radius, minimum distances from structures that could be 
structurally compromised by over saturated soil, as well as numerous other factors all contribute 
to determining the best test medium to use.  Table 11 details the considerations that favor 
either pneumatic or hydrostatic tests.  No single factor can be used when determining the best 
test medium.  All factors should be considered before a determination is made.  Table 11 does 
not include considerations that favor hydrostatic testing with liquid petroleum.  Pressure testing 
with liquid petroleum should be limited to values below MOP or MAOP for verifying an absence 
of leaks, commonly referred to as a standup test.  There may be some instances under the 
feasibility section that would favor liquid petroleum for a test medium, however the associated 
risks and consequences shall be carefully considered.   

Considerations for evaluating whether a line can be easily dewatered and dried include:  
restrictions on passage of swabbing pigs; the number of branch lines or non-pipe equipment 
present; the presence of tees or check valves; elevation changes; and end usage.  
Considerations for evaluating whether a line can be readily isolated from the public include 
presence of pedestrians, heavy traffic, and homes or businesses in close proximity, among 
other factors. 

Yet another set of concerns is for the ability of the test to detect a leak.  Tests conducted with 
water are very sensitive to small volume changes caused by a leak.  However, a small leak may 
be masked by the thermal expansion or contraction of the test water.  By monitoring the 
temperature throughout the test it is usually possible to infer whether changes in pressure are 
due to temperature effects or due to a leak.  Tests conducted with a compressible gas medium 
tend to be less sensitive to small leaks.  Although not required by regulations, consideration 
should be given to conducting a leak survey in service after completing a pneumatic test.   
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Table 11. Test Media Selection Checklist 

Consideration Favors Pneumatic 
Test 

Favors 
Hydrostatic Test 

with Water 

 Feasibility 
Line can operate within Code stress limits for 
pneumatic test Yes No 

Line cannot be easily cleaned, dewatered and 
dried due to multiple diameters, many branches or 
unbarred tees, in-line equipment 

Yes No 

A source of clean water is not readily available in 
sufficient quantity Yes No 

Freezing temperatures expected during testing Yes No 
A water test would cost more than pipe 
replacement Yes No 

Elevation change is larger than can be covered in 
one or two test sections Yes No 

The weight of test water requires pipe support 
considerations Yes No 

Duration of outage for testing adversely affects 
customer Yes No 

The public and workers can be easily excluded 
from the pneumatic test hazard radius Yes No 

 Risk 
Adverse effects from water jet or spill Yes No 
There is some possibility of a rupture due to 
vintage seams, damage, or corrosion No Yes 

Other parts of the same line have had test or 
service failures No Yes 

A leak missed during the test poses a hazard 
based on location after pipe is back in-service No Yes 

Blast mats or K-Rail would be necessary over or 
near the pipeline to protect adjacent structures No Yes 

Planning and Communication Tools 
Pressure tests require the direct input or oversight of multiple personnel.  Understandably, the 
larger the scale of the project, the more key personnel are involved and the promptness and 
clarity of test plan communications is critical.  API 1110 section 4.1.5 provides the following on 
proper communication for the pressure test planning phasexxi: 

 A written site-specific test procedure with all pertinent details associated with the project 
should be developed as part of the pressure test planning process.  The written plan 
should be distributed to appropriate company personnel, contractors, and others directly 
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involved with the test for review and comment during the early stages of the planning 
process. 

 Prior to the test, the operator should notify the proper authorities, governmental 
agencies, potential emergency response personnel and landowners along the right-of-
way (ROW). 

 Prior to the test, the operator should secure applicable permits. 
 The operator should clearly outline the roles of the various personnel involved in the 

pressure testing process. This includes the following: 
o operating personnel, 
o contractor and/or maintenance personnel, and 
o person(s) responsible for certifying the results of the pressure test. 

ASME B31.8 provides similar guidance for testing of natural gas pipelines. 

To build on the guidelines of API 1110, examples of key personnel and project stakeholders 
include regional project managers, pipeline integrity engineers, compliance engineers or 
representatives, logistics representatives, managers of critical customer facilities, pipeline 
inspectors, maintenance crews, pressure test services contractors, and corresponding pipeline 
management.  There are some instances when additional communication is required outside an 
Operator’s organization (or hired contractors); examples include when a pressure test is funded 
by a third party (such as a relocation project in response to highway expansion), or co-owned 
or jointly-operated pipelines. 

For comprehensive planning an electronic profile of the pipeline attributes studied during the 
background review should be generated in a software program capable of data management 
and computations.  Since most parameters can relate to a pressure value, a graphical profile of 
the pipeline attributes critical to test planning can be generated in terms of distance (log-
distance, measured or relative stationing) and pressure (generally in units of psig).  For 
instance, valve locations can be plotted in terms of pressure rating, known defects from ILI 
results can be plotted in terms of predicted failure pressure and pipe properties can be plotted 
in terms of 100% SMYS values.  Expressing the integrated information into a common term 
(psig) facilitates a meaningful evaluation and communication of the target test pressure.  Figure 
1 is an example of a test plan profile.  Depending on the pipeline system and goals of the 
pressure test, more or less information may need to be included on a similar plot. 
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Figure 1. Example of a Profile Utilized in Test Planning  

At a minimum the following information should be clearly communicated in a table as part of 
the test plan:  

 Test section name (typically expressed numerically).  
 Upstream and downstream test boundary locations of each segment (mile post, station, 

common name or reference). 
 Test section length. 
 Target pressures (at upstream and downstream locations, and intended location of 

deadweight and pressure recorder).  For each location, provide a target test pressure, 
minimum bound pressure and maximum bound pressure for each phase of testing 
(spike, strength, and leak). 

 Surveyed elevations of high and low points and the test monitoring site. 
 Range of pressures for the entire segment (in terms of psig and %SMYS).  This includes 

the values at the high and low point elevations. 
 Range of TPR for the entire segment.  
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 Other distinguishing characteristics of the segment (such as start location of a pipe of 
interest or number of previous failures). 

Table 12 is an example of information to be communicated during the planning phase of a 
pressure test.  The example demonstrates a possible strength test for a liquid operated pipeline 
under CFR 195 jurisdiction.  Tables similar to the example table should be generated for each 
phase of a planned test: spike, strength and leak. 

Table 12. Example Table for Communicating a Strength Test Plan 

Description Test Section 1 Test Section 2 

Start Location MP 0 – Pump Station A MP 15 – Valve Site 

End Location MP 15 – Valve Site MP 30 – Pump Station B

Length 15 miles 15 miles 

Target Pressure at US Location 2,025 psig 2,025 psig 

Target Pressure at DS Location 2,015 psig 1,900 psig 

Min Pressure in Test Section  
(high elevation) 1,795 psig 1,795 psig 

Max Pressure in Test Section  
(low elevation) 2,030 psig 2,030 psig 

Range of Test Stresses, % SMYS 95% - 100% 90% - 100% 

Range of TPR 1.30 – 1.39 1.25 – 1.39 

Number of Failures during Previous 
Test 0 3 

Number of Remaining Crack Features 
from ILI Listing 0 16 

PRESSURE TEST EXECUTION GUIDELINES 

Equipment and Instruments 
The use of electronic (digital) or mechanical instruments is equally acceptable, provided the 
equipment meets accuracy, certification and documentation requirements.  Deadweight testers, 
temperature and pressure recorders, gauges, flow meters and all other measurement or 
recording instruments should be calibrated and certified for accuracy within the manufacturer 
recommended time interval (typically every 6 to 12 months) by an independent test lab.   

The following is a list of recommended equipment that should be placed, installed or available 
for use prior to the execution of a pressure test: 
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 Fill pump -  
o Equipped with a properly sized flow meter  
o Capable of filling the test segment with water at a controlled rate to prevent the 

inclusion of air in the test section and sufficient discharge pressure for the 
hydrostatic head 

o Outfitted with a filter to prevent pumping foreign materials into the pipeline (100 
mesh screen is ideal, however less fine mesh may be adequate depending on the 
water source and pump specifications) 

o Set in a secondary containment 
 Pressurization pump - 

o A properly sized, variable speed positive-displacement pump capable of 
increasing pressure at a controlled rate of 10 psig/minute and a pressure 
capability above the maximum test pressure (120% of the maximum target 
pressure is sufficient) 

o Equipped with a stroke counter; either a solenoid-type stroke counter or meter 
to measure the amount of test fluid added during pressurization 

o Set in a secondary containment 
 Test headers, launchers and receivers - 

o Capable of launching or receiving a minimum of two pigs or spheres and with 
connections for fill assembly, pressure relief, and required instrumentation 

o With a safe working pressure greater than the maximum planned test pressure 
(a design pressure of 150% of the anticipated test pressure is preferred) 

o Heavy-wall pups welded to each end and girth welds inspected by radiography; 
all welded connections to test headers should be inspected by nondestructive 
examination (NDE). 

o Inspected for defects or damage prior to each project 
 Check valve for pressurization line to prevent whipping in the event of a failure of the 

pressurization pump or piping between the pump and the test header 
 Air compressor capable of overcoming static head pressures during dewatering and with 

sufficient capacity to propel pigs at constant velocities during cleaning and drying 
 Pigs or spheres - 

o Cleaning pigs 
o Bi-directional filling and dewatering steel mandrels, foam disks, pigs or spheres 
o Worn pig cups or cracked spheres should not be used 
o Outfit with tracking equipment 

 Test site - 
o An enclosed, lighted, heated/air conditioned shelter of sufficient size to house 

the pressure recorders, deadweights and test personnel at the test monitoring 
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site of each test section during the cleaning, fill, pressurization, testing, water 
disposal and drying operations 

o Lighting for all areas where night work may take place  
 Communication equipment 
 Splash plates and/or energy diffusers for dewatering lines (if applicable) 
 Test fluid sampling equipment (if applicable) 
 Water tank trucks (if applicable) 
 Portable water tanks and/or frac tanks (if applicable) 
 Portable nitrogen trucks (if applicable) 
 Temporary piping, fittings, valves, flanges, gaskets, bolts and all other test apparatus, as 

may be required 
 Tie-downs for piping, hoses, and vessels 
 Temporary water lines for fill and/or disposal 
 Failure response equipment, as may be required 

o Replacement pipe, fittings, valves, flanges, and gaskets 
o Recovery and containment equipment (such as, vacuum truck, absorbent pads, 

spill boom and drip pans) 
o Isolation equipment (such as freeze plug or stopple installation equipment) 
o Excavation equipment 

The following is a list of recommended instruments that should be installed or available for use 
prior to the execution of a pressure test: 

 Traditional brass deadweights 
o Precision of 1 psig, or less 

 Electronic self-checking pressure recording and plotting units with a pressure transducer 
installed on the test header (in lieu of traditional deadweights) 

o Precision of 0.25 psig, or less 
 Two pressure gauges (preferably mechanical) with load-cycle stability and shock 

resistance, one to be installed on each end of the test segment to ensure pressure 
continuity throughout the test segment 

 Pressure recorder covering a 24-hour range, possessing a 10-inch minimum diameter 
chart size and a minimum range of 0 to 3,000 psig (larger range may be required 
depending on pressure test design) 

 Automatic yield plot equipment and software (such as a digital data collector with built 
in plotting software, one example being the Meriam Pipeline Integrity Tester14) 

                                            
 
14 https://www.meriam.com/product/pit-5000-pipeline-integrity-tester/ 
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 Traditional dual-pen temperature chart recorders, covering a 24-hour range, possessing 
a 10-inch minimum diameter chart size and a minimum range of 0 to 150 F   

 Electronic temperature data loggers capable of printing (in lieu of traditional chart 
recorders) 

 Mechanical or digital temperature probes or sensors, such as a thermistors, 
thermocouples or resistance temperature detectors (RTDs).  A minimum of two for 
above grade tests and four for below grade tests (see Considerations for Temperature 
Probes for additional guidance of number and placement of probes): 

o Ambient Temperature - one probe, placed above ground in the shade and out of 
direct sunlight at the test site  

o Exposed Pipe Temperature - one probe, placed approximately at the 6:00 clock 
position on the exposed pipe, insulated and protected from sunlight  

o Buried Pipe Temperature - a minimum of one probe, attached to the buried 
pipeline approximately 100 feet or more away from the injection site  

o Ground Temperature - one probe, buried approximately 100 feet away from the 
injection site at the average depth of coverage for the pipeline in close proximity 
to the Buried Pipe Temperature probe 

Further, API 1110 section 4.3 provides a list of equipment and instruments necessary to 
execute a pressure testxxii.  The API 1110 recommended equipment list is similar to that above, 
however additionally includes safety and failure response equipment.  

Considerations for Temperature Probes  
The recommendations in this section of the report are applicable for buried pipeline segments.  
Temperature data should be collected from multiple locations for sufficient test acceptance and 
a comprehensive record.  Digital instruments capable of reporting in increments of 0.01 F with 
an accuracy of 0.10 F should provide reliable data for test acceptance purposes.  A minimum of 
three buried pipe temperature probes are should be installed per test segment.  More than 
three buried pipe temperature probes may need to be considered for test segments that are 
expected to have complex temperature profiles, such as those that cross rivers, are in close 
proximity to heated oil pipelines, have variable depth of coverage, or are greater than 30 miles 
in length.  Less than three buried temperature probes may be adequate for shorter test 
segments (approximately less than five miles); however, installing at least two buried 
temperature probes provides a back-up in the event of equipment failure. 

Temperature probes can be temporarily or permanently installed.  Reference the manufacturer 
instructions for proper installation.  General installation guidelines are: 

 Attach to bare pipe and repair coating 
 Attach probes to the side of the pipeline at approximately the 3:00 or 9:00 clock position 
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 Insulate around the probe and pipe 
 Test that probes are functioning properly 
 Backfill prior to test execution 

o use caution to not damage the probe and cable leads 
o compact the backfill soil 
o allow time for the soil temperature to return to levels near the bulk soil (two 

days is sufficient), and 
o once the backfill is complete, test that probes are functioning properly again 

The buried probes are intended to represent the average temperature behavior for the test and 
one should be placed every five to ten miles.  They should be placed at accessible locations but 
not in close proximity to exposed pipe or the test fluid injection site.   

Fill or injection fluid temperature and bulk soil temperature recordings can be useful for test 
acceptance purposes.  Consider installing additional temperature probes to capture these data.  
Also, for segments with a notable amount of exposed pipe (approximately 1% or more of the 
total test length) consider installing an above grade pipe temperature probe.  Insulate and 
shade exposed pipe.  Finally, the ambient temperature probe is typically located near the test 
trailer and deadweight location, an additional ambient probe located at the opposite end of the 
segment may be useful for segments longer than 30 miles. 

Confidence that a pressure change is related to a temperature change can be improved by 
preparing a chart of recorded temperature change versus pressure change.  A decrease in test 
pressure should be accompanied by a decrease in test fluid temperature and vice-versa.  The 
chart in Figure 2 below shows several test sections where this relationship is apparent (the 
curves are oriented from lower left to upper right), and also several where there is no clear 
relationship between recorded pressure and recorded temperature.  The pressure readings are 
thought to be accurate, but the temperature data suggests that the temperature probes may 
not have been ideally situated. 
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Figure 2. Some Pressure and Temperature Readings during Hydrostatic Testing  

Record Keeping 
Minimum requirements for pressure testing records are outlined in 49 CFR 192.517 for gas 
operated pipelines and 49 CFR 195.310 for liquid operated pipelines.  The CFR requirements are 
copied here for reference. 

49 CFR 192.517 Records 

(a) Each operator shall make, and retain for the useful life of the pipeline, a record of 
each test performed under §§192.505 and 192.507. The record must contain at least 
the following information:  

(1) The operator's name, the name of the operator's employee responsible for 
making the test, and the name of any test company used.  

(2) Test medium used.  

(3) Test pressure.  

(4) Test duration.  

(5) Pressure recording charts, or other record of pressure readings.  

(6) Elevation variations, whenever significant for the particular test.  

(7) Leaks and failures noted and their disposition. 
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(b) Each operator must maintain a record of each test required by §§192.509, 192.511, 
and 192.513 for at least 5 years. 

49 CFR 195.310 Records 

(a) A record must be made of each pressure test required by this subpart, and the 
record of the latest test must be retained as long as the facility tested is in use. 

(b) The record required by paragraph (a) of this section must include: 

(1) The pressure recording charts; 

(2) Test instrument calibration data; 

(3) The name of the operator, the name of the person responsible for making 
the test, and the name of the test company used, if any; 

(4) The date and time of the test; 

(5) The minimum test pressure; 

(6) The test medium; 

(7) A description of the facility tested and the test apparatus; 

(8) An explanation of any pressure discontinuities, including test failures, that 
appear on the pressure recording charts; 

(9) Where elevation differences in the section under test exceed 100 feet (30 
meters), a profile of the pipeline that shows the elevation and test sites over the 
entire length of the test section; and 

(10) Temperature of the test medium or pipe during the test period. 

The data collection and record keeping recommendations provided in this guidance document 
meet or exceed the minimum requirements of the current federal regulations listed above.  

It is recommended that complete records be maintained for failed pressure tests and successful 
pressure tests.  Documentation of failed pressure test attempts (those caused by a leak, 
rupture, inadequate stabilization, or improper fill and pressurization) can provide useful 
information for subsequent testing and future test planning.  It is imperative that records 
related to failed pressure tests are prominently labeled as not the final test attempt and 
reference the date and record of the successful pressure test.   
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Complete records of pressure tests are invaluable for future reference, usually in circumstances 
unforeseen at the time of the test such as: confirming regulatory compliance, addressing 
integrity management matters, supporting changes in operation or location class, supporting 
root cause investigation of incidents, or supporting sale of an asset.  Codes and standards 
specify that records are to be maintained indefinitely, or for the useful life of the pipeline. 

General 
The following data related to pressure testing should be collected and records maintained 
permanently: 

 fill log with total volume indicated, 
 pressurization log, 
 yield plot (if applicable), 
 test log with tabulated data collected at approximately 15-minute increments (or less as 

needed), includes: 
o date and time, 
o recorded pressure, 
o temperature (ambient, ground, exposed pipe and buried pipe), 
o weather conditions, 
o visual inspection, 
o volume added or removed, and 
o general observations or comments, 

 pressure test summary report, 
 pressure recording charts or printouts, 
 temperature recording charts or printouts, 
 instrument calibration certifications, 
 schematic of tested segment, piping or assembly, 
 pipeline elevation profile, 
 test plan, 
 PE test acceptance letter (if applicable), 
 MTRs (if applicable, replacement or new construction), 
 pictures, 
 failure reports (if applicable), and 
 authorization signatures 

Pressure testing is an expensive undertaking.  The preparation and preservation of complete 
documentation of a pressure test adds negligible cost, but can save significant effort or cost 
many years later. 
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Test Report 
Pressure test reports should include the following information: 

 test report cover sheet with: 
o project name 
o pipeline segment or assembly name 
o operator name  
o test and report dates, and 
o company specific coding that assists with record identification (if applicable) 

 summary with: 
o narrative description of the project and specific test  
o purpose of the test  
o personnel and contractors involved and those present indicated  
o outline of test procedure  
o isolation methods, and  
o results of test  

 test segment name (or number) and description 
 start date and time of “on” test with initial pressure  
 end date and time of “off” test with final pressure  
 test boundary locations (begin and end) station numbers and elevations 
 pipe attributes and components included in the test (outside diameter, wall thickness, 

grade, vintage, manufacturer, seam type, ANSI flange class rating, etc.) 
 drawing or sketch of the pipe and components included in the test with length of each 

indicated 
 overall test segment length 
 length of exposed pipe 
 average depth of cover (if applicable) 
 maximum and minimum elevations with station locations 
 maximum and minimum allowable test pressures 
 test fluid with additives listed (if applicable) 
 source of test fluid 
 pressure pump location, station number and elevation  
 deadweight tester 

o serial number 
o calibration date  
o location, station number and elevation 

 pressure and temperature recorders 
o serial numbers 
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o calibration dates  
o locations and station numbers 

 date and time of each stage 
o fill 
o stabilization 
o pressurization (including leak checks) 
o yield plot (if applicable)  
o spike test (if applicable) 
o strength test 
o leak test, and 
o depressurization 

 explanation of any pressure discontinuities, including test failures or intentional test fluid 
removal (bleeds) or injections  

 description of the weather  
 sketch or schematic of the test segment or assembly 
 pipeline elevation profile, and 
 test plan profile  

Charts 
Pressure and temperature charts should include the following information: 

 recorder serial number  
 data description (such as ambient temperature, pressure, etc.) 
 test segment 
 date and time the chart was put on and taken off  
 date and time the test started and ended 
 location of equipment 
 test segment description (such as line size and length) 
 deadweight pressure at start and end of test 
 test fluid 
 signatures (test contractor and operator representative/inspector) 
 pressure test service contractor’s project description stamp (or sticker)  
 indicate any discrepancies or noteworthy occurrences on the chart with a comment, 

such as: 
o changed out chart 
o start pressuring 
o start/end of plot 
o start/end spike test 
o start hold test 
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o bleed fluid 
o added fluid 
o gained/loss pressure 
o chart bumped 
o end hold test, and 
o start/end of depressurization 

Photodocumentation 
Photographic documentation is not a typical requirement, but can be a positive demonstration 
of non-fraudulent records, as well as, provide additional information for pressure test 
acceptance and subsequent test planning.  Examples of pictures to capture and maintain are:  

 deadweight and pressure recorder with serial numbers visible  
 ambient temperature recorder with serial numbers visible  
 above ground pipe temperature recorder(s) with serial numbers visible  
 buried pipe temperature recorder(s) with serial numbers visible 
 ground temperature recorder(s) with serial numbers visible 
 temperature probe installations 
 gauges  
 test manifold mounted to pipeline  
 launcher and receiver locations  
 frac tank, equipment and test trailer layout  
 cleaning and de-pressure pigs launched and received  
 dew point meter reading and last swab when drying (if applicable), and  
 failures 

Failure Report 
The purpose of a pressure test is to prove the strength of the pipe and in-line components.  A 
pressure test is potentially destructive, and a test failure is always possible.  Test failures of 
new pipe are rare but do still occur.  For example manufacturing defects15 not identified at the 
mill or construction related defects can result in test failures of newly installed pipe.  Test 
failures of older vintage pipelines may not be unexpected, particularly when testing to historic 
high absolute pressure or test pressure ratios in an attempt to increase reassessment intervals.  
Test failures can have important commercial or integrity management implications and should 
be thoroughly documented and analyzed. 

                                            
 
15 There is a known case of recently installed HF-ERW pipe with improper seam heat treatment that caused seam failures of entire 
joints during pressure testing. 
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The intent of this section is to provide guidelines for failure documentation with data available 
during the pressure test execution phase.  Additional guidelines related to laboratory analysis of 
failures caused by pressure testing are covered in the pressure test evaluation section of this 
report.   

A failure report should document the following: 

 location of the failure by state, county, section, township, range, tract number, and 
station number 

 deadweight pressure at time failure was detected 
 calculated pressure at location of the failure correcting for elevation 
 date and time the failure was detected, method used, and test attempt number 
 date and time the failure was located, and method used 
 date and time the failure was repaired and description of the repair (such as entire joint 

replacement, repair sleeve, etc.) 
 apparent location of the failure origin (such as longitudinal seam weld, circumferential 

girth weld, field bend, etc.) and clock position 
 apparent cause, pending confirmation by detailed metallurgical examination and testing, 
 photographs of failure site pre-excavation, post excavation and apparent failure origin, 
 mode of failure (leak or rupture) 
 pipe attributes (outside diameter, wall thickness, grade, vintage, manufacturer, seam 

type, etc.) 
 estimated volume of fluid loss 
 extent of damage to surface structures or surrounding property 

Stabilization and Pressurization Sequences 
Stabilization is critical to the success of all pressure tests.  A stable test segment allows for 
sound, defensible test acceptance and improved confidence in leak determination. An unstable 
test segment undergoes notable fluctuations in pressure, possibly due to changes in 
temperature, pressure surge (or fluid hammer), and/or dissolution of air into the test fluid.  
Unsteady pressure during a test can introduce uncertainty as to the test’s validity, sometimes 
well after the pipeline has entered service.  The compressible and thermal properties of gases 
allow for better stability compared to testing with liquid.  The recommendations within the 
section are most applicable to buried pipeline hydrostatic tests with water; aside from some 
general points on stabilization periods, pressurization rates and leak checking that apply to 
testing in all fluids.   
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All pressure tests should allow for an adequate stabilization period, including spike tests and 
retests following a failed test16.  The amount of time required for test segment stabilization is 
dependent on actual test conditions.  It has been observed that stabilization may require 12 to 
72 hours, however 24 hours is typically adequate.  The length of the stabilization period is 
considered satisfactory once the buried pipe temperature is congruent with, or converging to 
the bulk soil temperature.  The convergence time will tend to increase when the test water is 
significantly warmer or colder than the soil temperature at pipeline depth, and also may be 
greater with large diameter pipe.  Therefore, it is recommended that test procedures allow for 
an adjustable stabilization time, rather than defining a pre-determined time limit for 
stabilization.   

Stabilization can be improved by implementing a fill and pressurization procedure that limits the 
potential for entrapped air and large fill water-to-soil temperature differentials.  Considerations 
for a fill procedure include:   

 Insulate and backfill with the same soil type (if applicable) at the locations of 
temperature probes. 

 Minimize the length of, insulate and shade exposed pipe. 
 Use a below grade water source where available. 
 Fill from a low point elevation. 
 Use a properly sized pump capable of the pressures required to overcome friction, 

elevation and to propel fill pigs through the entire line segment being filled. 
 Prevent air entering the fill pump by ensuring the suction basket is well submerged and 

there are no penetrating whirlpools.  If digging the sump pump is not allowed, 
commercial devices are available designed to pump water from shallow sources. 

 Ensure sufficient backpressure to prevent the fill pig running downhill ahead of water 
causing cavitation and resultant air pocket.  A backpressure of approximately 50 psig 
greater than the static head is sufficient. 

 Fill at rate that will minimize the velocity of the pigs to approximately 3 mph or less. 
 Utilize several pigs in the fill train to promote the capture of any air between pigs. 
 Install taps at high elevations and bleed off air or gas. 

The extended stabilization period can begin once the initial water fill is complete.  Alternatively, 
the extended stabilization period can be included as part of a multi-staged pressurization 

                                            
 
16 Test failures can cause a significant amount of volume loss, particularly if a pipe replacement is required (which can also 
introduce entrapped air into the test segment).  Therefore a stabilization period should be implemented prior to any retests.  The 
amount of time to reach stabilization should be less extensive than the initial fill stabilization, however is dependent on the amount 
of refill volume required and the repair methods used. 
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process, and is presented in the recommended procedure below.  Pressurization guidelines are 
as follow. 

 Prior to connecting the pressurization (squeeze) pump:  
o check all flange fittings for leaks and, if found, depressurize to zero or isolate 

before tightening flanges or repairing, 
o measure pressure at each end of the test segment and confirm hydraulic head 

matches those used for hydrostatic test calculations, and 
o set new pressure and temperature charts and check that instruments are 

functioning properly. 
 Connect squeeze pump and between sequences pressurize continuously at a controlled 

rate that prevents pressure surges: 
o A pressurization rate can be determined by surge analysis specific to the test 

segment parameters, otherwise 20 psig/min is considered acceptable for this 
sequencing stage.   

o At approximately 50% of the target test pressure, again check all flange fittings 
for leaks and hold 15 to 30 minutes.  If leaks are found depressurize to zero or 
isolate before tightening flanges or repairing, and repeat pressurization routine. 

o Pressurize at a rate of 10 psig/min to 20 psig/min to approximately 80% of the 
target test pressure and again check all flange fittings for leaks and hold 15 to 30 
minutes.  If leaks are found depressurize to zero or isolate before tightening 
flanges or repairing, and repeat pressurization routine. 

 Initiate the extended stabilization period (overnight, line pack hold) at approximately 
50% to 80% of the target test pressure.   

 Once the stabilization period is satisfied and the pressure is at the lessor of 80% of the 
target test pressure or 90% of specified minimum yield strength (SMYS), begin the final 
pressurization at a rate of 10 psig/min or less and commence the pressure-volume yield 
plot (if applicable). 

 Terminate the pressurization once the target test pressure is achieved, not to exceed 
the yield point (if applicable), as determined by the double-stroke method or by the 
0.2% offset method.   

Pressure-Volume Plots 
Pressure-volume data should be plotted during the final stage of pressurization to limit pipe 
yielding when either the target test pressure anywhere along the test segment is expected to 
exceed 90% of SMYS, or pipe properties are unknown.  The slope of the pressure-volume (P-V) 
plot should not decline to less than half the elastic slope.  In the paper, “The Benefits and 
Limitations of Hydrostatic Testing” by J.F. Kiefner and W.A. Maxeyxxiii the following statements 
on pressure-volume plots are made:  
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“Shown in [Figure 3] is a pressure-versus-pump-stroke plot of an actual hydrostatic test. 
The plot is created by recording the number of pump strokes of a positive displacement 
pump as each 10 psig increase of pressure is attained. Prior to beginning the plot, it is 
prudent to hold the test section at a constant pressure to assure that there are no leaks. 
After it is established that there is no leak, the plot should be started at a pressure level 
no higher than 90 percent of SMYS for the low elevation point in the test section in 
order to establish the "elastic" slope of the plot. By projecting the elastic slope lines 
across the plot as shown, one can then record pump strokes and compare the evolving 
plot to those slopes. If and when the actual plot begins to deviate from the elastic slope, 
either some pipe is beginning to yield or a leak has developed. The pressurization can 
be continued in any event until the "double-the-strokes" point is reached. This is the 
point at which it takes twice as many strokes to increase the pressure 10 psig as it did in 
the elastic range.” 

 

Figure 3. Pressure-versus-Pump-Stroke Plot 

Positive displacement pumps deliver a constant volume of water with each stroke, thus counting 
pump strokes is a standard way of keeping track of the volume of fluid added during 
pressurization.  The amount of volume added can also be estimated with flow meters.  In the 
elastic range one can determine the slope of the pressure-volume (or pump-stroke) plot.  By 
projecting forward the elastic slope as pressure is increased, one can detect a deviation in slope 
if any plastic strain begins to occur.  The test can be terminated at a pre-determined slope 
decrease to minimize the amount of expanded pipe.  P-V plots are characterized by one of the 
following slope trends: 
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 Remains straight, indicating no air entrapment and no yielding. 
 Curves upward indicating trapped air dissolving in the test water. 
 Curves downward indicating yielding.   

A decrease to half the original slope (or “double-the-strokes”) is thought to be a reasonable 
point to terminate a test with a minimal amount of expansion.  Yielding can be very isolated, to 
a single low-strength or thin-wall joint of pipe, although yielding in large numbers of pipe joints 
have also occurred.  Additionally, pertaining to the effect of biaxial stress, Warman, et al. 
concludexxiv, “…considerably higher hydrostatic test pressures than normally used can be applied 
without significant yielding of even the weakest joint set to be located at the low point. 
[Analysis] also demonstrates that the doublestroke method is a conservative means to stop a 
yield plot prior to significant yielding in any joints occurring especially at lower [yield strength-
to-tensile strength] ratios.”  

Note that a leak may be signified by a deviation in slope also.  To be sure the deviation is not 
caused by a leak, stop adding fluid, and let the pressure decay 10 psig.  Then re-pressurize to 
the previous maximum level and stop again to allow the pressure to decay 10 psig.  If the 
deviation is due to a leak, the decay should occur repeatedly at the same rate.  If the deviation 
is due to yielding, the decay rate should decrease to essentially zero within a few cycles. 

Additional concepts on P-V, yield plots are provided in Appendix A. 

Hold Times 
Minimum requirements for pressure testing are outlined in 192 Subpart J for gas pipelines and 
195 Subpart E for liquid pipelines.  Subparts J and E cover hold time and safety factors for the 
determination of MAOP and MOP, respectively.  These tests are commonly designated as 
conventional tests or hold tests. 

Federal regulation 195 Subpart Exxv pressure testing requirements stipulate a strength test be 
maintained at a minimum of 1.25 times the MOP for four hours; and, in the case of a pipeline 
that is not visually inspected for leakage during the test (such as a buried or partially buried 
pipeline segment), for at least an additional four continuous hours at a minimum of 1.10 times 
the MOP. Unless stated otherwise, Federal regulation 192 Subpart Jxxvi pressure testing 
requirements stipulate a pressure test be maintained for at least eight continuous hours for 
MAOP certification.  

The duration of a pressure test is not critical to the effectiveness of an assessment in terms of 
proving the pipe strength or integrity management.  This statement is based on fracture 
mechanics principles and experience, and is supported by industry researchxxvii.  There is little to 
no benefit in holding a spike test longer than necessary to verify the pressure being measured 
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is stable.  This depends on the conditions of the test but a timeframe of three minutes is 
idealxxviii.  The value of longer hold times is for the detection of leaks, not to improve the 
integrity of the pipeline.  A leak test performed at a pressure that is less than the maximum 
strength test pressure level can be effective and is less damaging.  An adaptation of works 
performed by Kiefner, Maxey, and Eiber and a detailed discussion on the significance of hold 
time and its impact on flaw extension is provided in Appendix B.  

Spike tests should be implemented immediately prior to the conventional hold tests.  The 
recommended duration for a spike test is long enough to assure the pipeline has experienced a 
continuous pressure at or above the target level, to obtain a clear record of the achieved 
pressure, and to cause defects that are near critical to fail.  The duration should be brief 
enough to prevent additional crack growth in defects that are subcritical since the purpose of 
the spike test is to prevent unnecessary damage due to long hold periods near the failure 
pressure of a flaw that otherwise would not fail.  There is evidence from fracture mechanics 
tests that damage near the failure threshold begins to occur after a dwell time as short as 0.05 
hours (presented in Appendix B).  NG-18 Report No. 111 and the Baker TTO-6 report each 
emphasizes that the value of the spike test is in the test pressure ratio, not the duration of the 
spike.  However, opinions and recommendations for the spike duration vary.  This report 
recommends that the hold period for a spike test should be threexxix to five minutes and should 
not exceed 10 minutes in recognition of the purpose of the spike test and the fracture 
mechanics data, but other guidance documents recommend a minimum of 10 minutes up to 30 
minutes and many practitioners perceive a sense of assurance with a longer duration.  The 
basis for the short spike duration recommendation is basic fracture tests showing that damage 
in the form of flaw extension occurs beyond hold times near the immediate-failure stress after 
0.05 hours, as discussed in Appendix B of this report, and avoiding such damage is the 
fundamental point of the spike test format.  This recommendation is in conjunction with the 
spike test pressure and conventional hold test pressure value recommendations from the 
pressure test planning guidelines. 

For pipeline sections that are 100% visually inspected for the duration of the test, it is 
recommended to not exceed the minimum conventional hold period stipulated by regulation.  
Again, the benefit of extensive hold time is for leak identification and if relying on visual 
inspection for leak detection the tests should be held for the shortest duration allowed. 

For pipeline sections that are buried, the recommended period for the conventional hold test 
must meet or exceed the minimum federal requirement.  This recommendation is inherent to 
the conventional hold test’s purpose to either identify or prove the absence of leaks.  As will be 
discussed in later sections of this report, test acceptance and leak detection methods may 
require extending the conventional hold test beyond the minimum time requirement.  Maximum 
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durations could be eight hours to 24 hours.  A test longer than 24 hours should only be carried 
out if concurrent with other leak detection efforts.   

Leak Detection 
This section outlines approaches for determining the presence of a leak by means of pressure 
testing, as well as, methods to locate leak sites once a leak suspected.  

Volume Balance and Trend Analysis 
A method for leak detection for buried pipeline segments is to study the relationship of volume, 
pressure and temperature.   

The presence of a leak is more readily determined on smaller volume test segments where even 
small leak rates can result in a notable pressure decrease.  One must be critical of any drop in 
pressure, but particularly for larger volume segments where a leak may only cause a small drop 
in pressure.  Leaks tend to produce a steady rate of pressure loss.  One method of discerning a 
leak from stabilization is to monitor the rate of pressure loss for a period of time, re-pressurize 
to the same initial pressure, and monitor the rate of pressure loss for the same amount of time 
and compare.  Depending on the amount of pressure loss experienced, or the presence of 
outside variables that can be difficult to account for (such as temperature or weather effects), 
this re-pressurization and monitor routine may need to be repeated more than once.  If a leak 
is present the rate of pressure loss should be about the same for each re-pressurization and, if 
not, the rate should slow with each re-pressurization. 

Pneumatic tests are not as sensitive to pressure changes with temperature changes, and are 
considered relatively more stable.  However, considering the most commonly executed 
pneumatic tests are to low pressures (such as 100 psig), pneumatic tests are not as sensitive to 
the detection of small leaks.  

For hydrostatic tests, depending on the test segment elevation gradient, source of water, 
isolation configuration, and fill and pressurization procedures a test can undergo continued 
stabilization within the first hours of the assessment resulting in a loss of pressure.  Typically 
the most significant amount of pressure loss caused by such stabilization occurs within the first 
15 to 90 minutes of an assessment and is either caused by the dissolution of entrapped air, 
temperature fluctuations from the added water during pressurization (‘squeeze’ water), water 
filling a valve cavity, or a combination of all three.  For a test experiencing pressure loss where 
the cause is suspected to be stabilization, the rate of pressure loss should decrease overtime 
(often logarithmically or asymptotically) and the trend of pressure changes and temperature 
changes should converge.  Similarly, for suspected stabilization, rate of pressure loss should 
decrease with time and the trend of expected change in volume (∆V) and actual ∆V should 
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eventually converge.  It may be necessary to extend the hydrostatic test hold time beyond the 
initial planned limits in order to witness and record evidence of the expected-pressure-change-
to-actual-pressure-change convergence.   

The change in temperature (∆T) should trend with the change in pressure (∆P) consistently for 
the duration of the assessment (although there may be a lag in pressure changes which is 
acceptable if the test is held for a long enough duration to capture the lag, typically no more 
than one hour behind the temperature).  For instance, if the test segment temperature is not 
stable, and increases for part of the assessment then decreases for part of the assessment, 
likewise the pressure should increase then decrease (for a period of time roughly equivalent to 
the amount of time corresponding to the respective temperature changes).  Following the same 
temperature scenario, if the pressure steadily decreases, or even remains constant during the 
period of temperature increases then decreases with decreasing temperatures, the test may not 
be acceptable.  Basically if the temperature is adequately representing the test segment 
temperature, one cannot be selective when justifying pressure behavior. 

Comparing the expected change in volume (due to temperature changes) to the actual change 
in volume (determined by recorded change in pressure) should be performed using volume 
balance calculations suitable to the test fluid.  The ideal gas law is appropriate for use for 
pneumatic tests.  There are proprietary volume balance calculators on the market for 
hydrostatic tests.  However, published resources for acceptable volume balance formulas 
include Chapter 5 of the Pipeline Rules of Thumb Handbookxxx, Appendix C of AS/NZS 
2885.5:2012xxxi, and the Pipeline Planning and Construction Manualxxxii.  Each method assumes 
idealized conditions that should be well understood before using.  These assumptions generally 
apply: 

 The test fluid is pure. 
 There is no entrapped air in the test segment (not applicable to AS/NZS 2885.5:2012). 
 The test segment is either fully restrained or fully unrestrained. 
 The pipe material properties are accurate. 
 The temperature measurements are accurate and represent the entire test segment. 
 The pressure measurements are accurate. 
 The pipe geometry and initial volume capacity estimates are accurate. 

The effect of temperature changes on test pressure is dependent on test volume (pipe 
diameter, wall thickness and segment length) and thermal properties of the test fluid and pipe 
(coefficient of thermal expansion, bulk modulus, and compressibility factor).  Thermal 
properties vary with temperature.  For instance, the higher the water temperature the more 
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sensitive the pressure is to changes in temperature (or larger expected ∆P/∆T)17.  Also, the 
smaller volume tests have a larger expected ∆P/∆T relationship compared to larger volume 
tests.  For hydrostatic tests with water, typical ∆P/∆T values can range from 15 psig per          
1 deg. F to 40 psig per 1 deg. F.  This potential for relatively large pressure changes caused by 
relatively small temperature changes highlights the importance of accurate temperature and 
pressure data collection during pressure testing (see Equipment and Instrument section for 
recommendations).  It is apparent that a modest temperature increase could mask the presence 
of a small leak by offsetting its pressure drop.  Calculations should account for known volume 
deviations due to intentional depressurizations or re-pressurizations by adding or subtracting 
volume, respectively, from the total balance calculation. 

For a comprehensive study of a pressure test, compare the expected ∆V due to ∆T to the actual 
∆V determined by recorded ∆P under multiple scenarios including: 

 hourly increments over the duration of the test, 
 at trend shifts in the data, 
 between the initial and final hour, and 
 the final one to two hours.  

The difference between the expected ∆V to the assumed actual ∆V (accounting for any known 
volume additions or subtractions) is considered the unaccounted for change in volume.  From 
the initial and final hour of a conventional hold test, Kiefner’s observation is that an 
unaccounted for change of 0.01% of the initial test volume or less typically corresponds to a 
leak-free assessment.  However, this criterion alone should not be used for overall test 
acceptance therefore reference the Test Acceptance section of this report for further guidance.  

Test Fluid Removal and Injections 
All test fluid removals (bleeds) and injections made during the test must be justified and clearly 
documented.  Excessively large or repeated injections may be an indication of a leak and 
excessive bleeds may mask the presence of a leak.  The total volume removed or added should 
be measured and documented.  Only bleed to avoid exceeding the maximum bound test 
pressure and over-pressuring the test segment.  Only inject additional fluid to prevent the test 
pressure from decreasing below the minimum bound test pressure.  The cause of the pressure 
loss should be well understood or plausible, such as pressure loss supported by temperature 
loss or pressure loss attributed to stabilization (where the rate of loss is nonlinear or slowing 
down).  Make an effort to limit injections and bleeds to the first half of the test (ideally the first 
hour) as stabilization significantly impacts volume balance calculations.  
                                            
 
17 At temperatures greater than 45 deg. F and less than 100 deg. F., a common range for hydrostatic pressure testing. 
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Visual Inspection 
For above ground tests where visual inspection is the primary method for leak detection, it is 
recommended to apply a mixture of liquid soap and water to all flanges and appurtenances.  
While under pressure, if a leak is present, the soapy mixture should produce bubbles 
(commonly referred to as a ‘bubble test’). 

If the test fluid is water, small drips (‘seepers’ or ‘weeps’) can evaporate and may go 
undetected, particularly if the test segment is in direct sunlight.  A best practice is to avoid 
testing during the heat of the day and to provide shade if not testing in a controlled 
environment such as a shop. 

Location Methods 
Once a rupture occurs, or a leak is suspected, there is a variety of methods to employ to locate 
the failure site.  Often a combination of more than one method is required to identify a leak and 
immediate (or even eventual) success is not guaranteed with any one method.  Further 
segment isolation in combination with patrol is typically the most successful approach for 
finding small leaks. 

Engineering Analysis 

Some postulations can be made as to where the likelihood of failure is higher.  A few starting 
points to narrow the search for a failure site include: 

 locations where ILI detected features have an estimated failure pressure less than the 
test pressure 

 locations where ILI detected features remain unrepaired (particularly longitudinal 
features or crack features) 

 locations of buried appurtenances (such as flanges and vales) 
 locations where repair methods and/or workmanship quality are unknown 
 low point elevations  
 locations where the pipeline crosses streams or other bodies of water 
 areas near excavation work or new development 

Utilizing known information about the head pressure on either side of a rupture site (assuming 
pressure is monitored on both ends of a test segment), the elevation of the pipeline segment 
and Bernoulli’s equation, one can estimate the elevation at the rupture site and refine the 
possible locations. 
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Isolation 

If a pipeline has a history of small leaks, or a primary threat of defects that are known to fail as 
small leaks, shorter test segments should be planned in order to reduce the amount of volume 
per test segment.  The smaller the test volume the greater the pressure drop will be if a leak 
does occur making it easier to verify the existence of a leak.  An intermediate valve between 
the upstream and downstream boundaries that can be closed in the event further segmentation 
is needed to locate a leak is ideal.  Other isolation methods include installing weld caps and 
freeze plugs at intermediate locations along a test segment.  Once an intermediate location is 
isolated, pressurize either side to the same pressure and monitor for pressure decreases.  Only 
one of the two subsections should indicate a pressure decrease; if the two subsections have 
roughly equal volume, the rate of pressure loss should double.  A few iterations of targeted 
isolation may be necessary before the leak site is found. 

For freeze plugs, if possible select a joint having relatively better ductility and toughness 
compared to other pipe present on the segment.  Prior to the installation of freeze plugs inspect 
the full circumference of the pipe for flaws using NDE.  Do not install freeze plugs at potential 
locations of elevated external loads, over girth welds, bends, dents or any anomaly detected in 
the pipe.  There are additional hazards related to freeze plugs that are addressed in the Safety 
Considerations section of this report. 

Patrol and Dyes 

Patrolling (aerial or line walking) should be immediately implemented when searching for a 
failure site.  Water accumulated in an unexpected location near or over the pipeline may 
indicate the location of a leak.  Success in locating a failure site based on the presence of water 
is dependent on the depth of cover and the level of soil saturation.  If the soil is well drained, it 
may take a considerable amount of water to surface.  It may be impossible to recognize a leak 
where water is normally present.  The idea behind dyes is it is simply easier to visually identify 
colors than clear fluid; however, dyed water still must surface in order to be located.  Dyes 
prove most useful when the soil is completely saturated, either from heavy rains or marshy 
terrain, making it nearly impossible to discern test water from naturally occurring sources 
otherwise.  If utilizing dyes, consider any environmental restrictions that may exist in the area 
or disposal constraints.  

Odorants and Tracers 

Odorants, tracer chemicals or gases (such as nitrogen with mercaptan) are added to the test 
fluid and detected above grade with either sampling equipment or ‘sniffing’ dogs.  While the use 
of odorants is a proven detection method, uncontrollable environmental factors can make their 
success unpredictable.  For instance wind can either disperse the odorant all together, or 
indicate an incorrect location. 
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Helium can be an effective solution in locating leaks because the small, light molecule readily 
migrates to the surfacexxxiii.  However, this is not a frequently implemented method since the 
test segment must be dewatered and re-pressurized with an air-helium mixture. 

Most tracer chemicals, some being mildly radioactive, are not normally found in nature so the 
detection of even trace quantities indicate test fluid escaping from the pipe.  However the 
location where the tracer chemical is detected may not coincide well with the location of the 
leak, due to the effects of wind, soil stratigraphy, or movement of water below ground.  Field 
procedures must minimize spurious detection, confirm positive readings, and aid in pinpointing 
the leak source. 

Acoustics and Sonar 

Geophones, or other acoustic devices, and sonar can detect leaks.  The technology is only 
functional for a limited range therefore is better suited for short distance applications; possibly 
in conjunction with a selection of probable locations determined by engineering analysis.   

Weather Effects 
Weather conditions and ambient temperatures can have an impact on pressure testing.  There 
are certainly additional safety considerations and logistical concerns related to extreme weather 
conditions; however the focus of this section will be the impact of weather on the pressure and 
temperature of a pressure test, which directly impacts test acceptance.   

Small volume tests (about 1,000 bbls or less) or those having a significant amount of exposed 
pipe (approximately 1% or more of the total test length) are more susceptible to pressure 
changes due to ambient conditions.  Excessive heat and direct sun exposure can increase the 
test segment temperature and, in turn, increase the test pressure.  Under certain test 
conditions such an increase in pressure may require a test bleed to avoid exceeding the 
maximum test bound and over-pressuring the test segment. 

The onset of rain can reduce the temperature particularly if the bulk soil is saturated.  Another 
concern with rain is that moisture on instrument connections can cause false readings or 
instrument failure, so precautions should be taken to keep instrument connections dry. 

For hydrostatic testing with water, avoid testing in freezing temperatures.  Water can freeze 

inside testing equipment such as hoses, leads, headers, etc. and, in extreme conditions, even 

the pipeline segment.  Frozen equipment, especially small tubes and hoses, will cause errors in 

pressure readings which could lead to over-pressuring the pipeline or collecting a false record of 

the test pressure.  There are known situations where the sensor line to the deadweight gauge 

became frozen, leading to overpressuring the pipeline to the point of failure.  While testing in 
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freezing weather is not recommended, in the event it is necessary certain precautions can be 
implemented: 

 Insulate all equipment and above grade components and pipe. 

 Use additives, such as antifreeze, or preheat test water as it is introduced into the 

pipeline. 

 Install heat trace near equipment and on above grade pipe. 

 Install a second pressure recorder.   

The use of antifreeze may pose an environmental concern in the event of a test leak or failure.   

Test Acceptance 
Any situation in which the test pressure or test temperature appears to change without a 
corresponding and consistent change in the other value could indicate either an irregularity in 
the recorded data, or a possible leak.  The test engineer should carefully evaluate why the test 
pressure or test temperature is changing.  A plausible explanation should exist for all pressure 
and temperature behavior.  The only test scenario that can be assumed as leak free is when 
both the pressure and temperature do not change, and even then one must be certain that the 
data recorded are accurate.  

If ambient conditions are affecting a test, one should be able to observe that effect for the 
duration of the test.  For instance, pressure should be observed increasing with increasing 
ambient temperature if it is observed that pressure decreases with decreasing ambient 
temperature.  Note that a complete test procedure should not rely solely on ambient 
temperature readings, which can vary significantly from pipe temperature. 

Volume balance calculations should be fundamental to any test acceptance process.  The initial 
temperature, pressure and volume information and the final temperature, pressure and volume 
information can be used to calculate an overall unaccounted for percent volume change.  The 
recommended criterion for test acceptance is an overall unaccounted for change of 0.05% of 
the initial test volume or less18.  Additionally, the trend of data for the entire assessment should 
be considered in order to support, or to refute, the acceptance result.  It is also recommended 
that at least a portion (possibly one to two hours) of the conventional hold test maintains a 
stable pressure, even if fluctuations are supported by temperature trends.  That may require 
extending the hold period.   

                                            
 
18 While Kiefner’s observation is that an unaccounted for change of 0.05% of the initial test volume, or less, typically corresponds to 
a leak-free assessment, it is also recognized that for the purpose of implementing an acceptance criterion some consideration 
should be given to measurement error and the potential for inaccuracy of the idealized calculation estimations.  
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Authorization of an acceptable test should be clearly documented and communicated to key 
personnel and project stakeholders.  Industry best practice is that the authorizing individual(s) 
be trained on relative company procedures and have some amount of experience monitoring 
the execution of pressure tests.  Individuals with the authority to determine if a pressure test is 
acceptable vary and may include one or more of the following: 

 a trained, degreed engineer 
 professional engineer (PE)  
 test director or project manager 
 pipeline integrity engineer 
 pipeline inspector 
 pressure test services contractor 

Requirements of traceable, verifiable, and complete (T/V/C) records are addressed by PHMSA in 
the advisory bulletin ADB-2012-06xxxiv, including the statement, “Complete records are those in 
which the record is finalized as evidenced by a signature, date or other appropriate marking.” 
Individuals responsible for authorizing the acceptance of a pressure test should sign pressure 
test acceptance documentation to meet the requirements of T/V/C. 

Failures 
When the failure or leak occurs, it must be repaired prior to the repressurization and 
subsequent retest attempt.  It is permissible to make a temporary repair in order to facility 
completion of the test.  However, ruptured pipe must be replaced.  If the replacement pipe is 
not part of the retest, it must be pretested before the line can reenter service.  The failed pipe 
should be set aside for further examination and testing in order to understand the cause.  If 
new pipe failed during a commissioning hydrostatic test, the reason for the failure may be 
needed to support a commercial claim, and to determine the likelihood of other pipe from the 
same heat or production shift being similarly affected.  If older pipe failed during an integrity 
revalidation test, the reason for the failure may be needed to evaluate whether the condition 
could be present elsewhere in the pipeline.   

This section provides guidelines related to the necessary information to collect and study if 
failures begin to occur.  There are some techniques described for preventing excessive failures 
in certain vintage lines with potential sensitivity to high test stress levels, as well as 
considerations for contingency test planning. 

Data Collection 
Collect and record all data listed in the Record Keeping, Failure Records section of this report.  
Additionally, for the purpose of executing laboratory analysis or an investigation of the failure: 
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 Coordinate the failure investigation as soon as possible.  
 Preserve the assumed leak origin or fracture surface. 
 Limit exposure to soil and water because they can corrode fracture surfaces. 
 Notations to be made using permanent ink or paint markers the pipe or component 

removed include: 
o description (pipeline name, test segment and failure number, date), 
o location, 
o distance from reference girth weld, 
o clock position, and 
o flow direction. 

Minimizing Failures 
There are limited instances that allow pressure testing using media other than water.  However, 
in general, hydrostatic testing is conducted with water as a means to determine a pipeline’s 
fitness for service in a controlled, safe manner.  If a failure is going to occur on a pipeline it is 
better for it to occur with the least amount of impact to public safety and the environment.  
While the bottom line may be better to fail with water than while in service, a test plan should 
outline parameters to prevent an excessive amount of test failures.  Determining what is 
“excessive” can be a challenge and will vary depending on the pipeline system.  The following 
guidelines are intended to reduce the amount of unnecessary failures while still achieving the 
integrity benefits of the intended test plan. 

Typical Cause of Multiple Test Failures 

The first step in preventing excessive test failures is to understand the typical source of multiple 
test failures.  Test failures are more likely to occur when an existing pipeline is tested to a hoop 
stress level in excess of those in prior tests of the pipeline or the pipe manufacturer’s pressure 
test in the pipe mill.  A major cause of such failures is seam manufacturing defects; however 
construction defects or anomalies that have grown since the last integrity assessment can also 
cause such failures.  Older-vintage pipe materials may or may not be a pipeline integrity threat, 
but the potential for them to contain more manufacturing defects than pipe materials made 
since 1970 and to have properties inferior to the more recent pipe materials is significant.  
Therefore, when an existing pipeline containing older-vintage materials is retested, test failures 
may arise in conjunction with material defects.   

Older-vintage pipe is generally regarded as line pipe manufactured at a time when little or no 
attempt was made to enhance ductile toughness, when the quality and properties of 
longitudinal seams often were inferior to those of the parent pipe material, and no requirement 
was imposed on the manufacturer for nondestructive inspection of either the seams or the pipe 
body.  In particular, pipe materials manufactured using seam-fabricating processes such as 
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single-submerged-arc welding, LF-ERW, furnace lap-welding, or furnace butt-welding are 
considered to be particularly more likely to cause hydrostatic test failures than modern 
materials. 

Predictive Models for Defect Failure from ILI Results 

There are several predictive models available to calculate the failure pressure of surface flaws 
based on length and depth, including B31G, Modified B31G, RSTRENG, Modified Ln-Secxxxv, 
PAFFCxxxvi, CorLas™ xxxvii, PipeAssess PI™ xxxviii,and API 579 Level IIxxxix.  If data from ILI tools 
are available, predicted failure pressures of any remaining graded flaw should be determined 
and compared to the target test pressure.  If the predicted failure pressure is less than the 
intended hydrostatic test pressure then the remediation of the flaw prior to the hydrostatic test 
could be considered.   

Estimating the Number of Failures during Testing 

As failures begin to occur during testing it is possible to forecast the number of failures to be 
expected in conjunction with a target pressure by studying the distribution of failure pressures.  
A procedure for estimating the number of failures was presented by J.F. Kiefner, K.M. Kolovich, 
and S. Kariyawasam in, “A Study of Cases of Hydrostatic Tests Where Multiple Test Failures 
Have Occurred”.  The study demonstrated that data from the first few failures of a test can be 
extrapolated to predict the total number of failures at a given target test pressure.  Highlights 
from that study are provided in Appendix C.   

If failures begin to occur before the target test pressure is attained, a spreadsheet can be 
populated with the following information: 

 test section number 
 test failure number 
 failure pressure at the deadweight location, psig 
 site failure pressure at the failure location, psig 
 site failure pressure at the failure location, %SMYS 

To estimate the ultimate number of failures, the site failure pressures should be listed in 
ascending order and numbered 1 through n for n failures up through the most recent test 
break.  The ordered list of site failure pressures of a few initial failures can be used to generate 
a plot of cumulative test failures versus failure pressure as was done for the example case 
shown in Figure 4.   

Figure 4 was created by plotting the number of failures from 1 to n versus the ordered site 
failure pressures.  In the example case, 23 breaks occurred in the testing of the first six test 
sections.  The data are fit with a trendline and the trendline equation and R2 ratio can be 
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displayed as shown.  The R2 value coefficient indicates the goodness of the fit.  A value of 1 is a 
perfect fit so values close to 1 indicate a good fit.  The trendline function in a spreadsheet is 
likely to offer several types of curve-fits.  It is recommended that an exponential fit be used, 
but occasionally some other fit such as a linear fit may result in the best fit.  If the R2 ratio 
ranges from 0.7 to 1.0, it probably can be considered an acceptable fit.  The estimate of the 
ultimate number of failures is then carried out by extrapolation.  In the example case the site 
failure pressures were extrapolated 65 psig above the highest actual failure pressure at the time 
the extrapolation was made (23 failures in the example case).  This results in a prediction that 
somewhere near 100 failures would be expected if the test were to be continued until the test 
pressure level reached 1,265 psig.  Using the equation for the trendline given in Figure 4, 94 
failures are predicted for a target pressure of 1,265 psig.   

The 94 breaks that are predicted apply to the first six test sections.  In other words, it means 
that that 94 breaks per X miles (the total length of the first six test sections) are expected.  To 
estimate the number that should be anticipated throughout the rest of the test sections, one 
would have to know the lengths of the all sections and multiply that length by 94/X.  The test 
section lengths are not known for this case, but for illustrative purposes, assume that the 
lengths of the test sections were equal.  If such were the case, the ultimate number of breaks 
predicted would be 94 times the ratio of 16 (total number of test sections) to 6 (number of test 
sections used to predict the total number of breaks for a target pressure of 1,265 psig or 251 
breaks.  In fact only 94 test breaks occurred. 

The exponential extrapolation based on 23 failures suggests that 251 failures would have been 
expected if all 23 miles of pipe were to have been exposed to a pressure level to cause failures 
at 1,265 psig.  The estimation of the expected number of test breaks when a segment is tested 
to a given pressure level by means of the type of extrapolation shown in the Figure 4 trendline 
can be expected to provide an upper bound.  If the predicted number is unacceptably high, the 
target test pressure can be lowered resulting in either a reduced HTP/MOP ratio or a reduced 
MOP. 
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Figure 4. Predicting the Ultimate Number of Failures, Example Case 

It is important to note that no test that is terminated by a rupture should be considered the 
final test.  This is the circumstance that tends to lead to a pressure reversal.  The final 
“accepted” test pressure should be one wherein the pressure is lowered gradually, i.e., a leak, 
or where the pressure is successfully held and then lowered slowly. 

Numerous test failures occurred in the example case providing a sufficient amount of data for 
analysis.  This is not always the case during a testing program, so before a decision to stop 
testing at the original target test pressure based on this method a statistically convincing 
amount of failures should occur first.  The R2 ratio should provide some indication of the 
statistical significance of the estimation.  If only two or three failures per test section occurred, 
there is probably no reason to reduce the target test pressure.  

Pressure Reversals 

A defect that fails at a pressure level lower than the highest pressure previously exposed to 
during a hydrostatic test signifies the occurrence of a pressure reversal.  Pressure reversals can 
be caused by growth during pressurization and subsequent damage to the defect during 
depressurization due to plastic strain.  The pressure reversal size (Pr) can be expressed as a 
percentage: 
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    Equation 8 

where 

Pt  is the highest level of pressure reached at the test site on any prior 
pressurization during the current test cycle (psig) 

Pf is the failure pressure at the test site (psig) 

If test failures begin to occur and testing is continued, the possibility of encountering pressure 
reversals arises.  If several pressure reversals occur, it may be possible to estimate the 
likelihood of a pressure reversal of a given size.  Study of actual hydrostatic test cases has 
shown that an inverse relationship exists between pressure reversal size and the probability of 
occurrence of the reversal, and the risk of a failure at the operating pressure from a pressure 
reversal is usually negligiblexl.   

Kiefner, et al. developed an improved method for estimating the probability of a pressure 
reversal of a given size in, “A Study of Cases of Hydrostatic Tests Where Multiple Test Failures 
Have Occurred”.  The method is summarized in Appendix C. 

Contingency Plans 
A contingency plan is any pre-defined alternative to the original pressure test plan that is 
implemented after some criteria are met during the execution of the original test plan.  
Adjustment to the test plan could include changing the target test pressure, test segmentation, 
or both.  The criteria are typically based on a threshold for number of failures, size of pressure 
reversals, or downtime.  Contingency plans are generally reserved for spike testing projects 
involving vintage pipelines for which the potential for multiple failures is greater. 

The greatest impact on delay and cost will be the number of test ruptures and leaks 
experienced.  While a target test pressure can be set with the intent of maximizing the test-
pressure-to-operating-pressure ratio, the occurrence of numerous failures could bring about a 
need for lowering the target test pressure.  This in turn could lead to the need to lower the 
M(A)OP for the pipeline segment. 

Prior to testing, alternatives to the original target test pressure should be explored.  Determine 
the potential impact on pipeline integrity, re-inspection interval and M(A)OP and define a 
minimum threshold of acceptance for each.  A maximum threshold for failure and test duration 
should be established as well. 
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Consider the following for use in the development of a contingency plan.  For a given test, 
assume there are three potential outcomes of the first pressurization of a test segment: 

1. The original target test pressure will be attained, and the required amount of hold 
time at that pressure will elapse with no occurrence of a rupture or detectable leak.  

2. The original target test pressure will be attained, but a rupture or detectable leak will 
occur before the required amount of hold time has elapsed. 

3. A rupture or detectable leak will occur before the original target test pressure is 
reached. 

In the event of outcome No. 1 occurring, it is reasonable to assume that the necessary leak test 
can be carried out at a reduced level of pressure.  Small leaks, if detected and found, must be 
located and a repair made before the test can be reattempted to the original target test 
pressure.  The repair may be temporary in order to complete the testing promptly.  In contrast, 
in the event of outcome No. 2 or No. 3 occurring, the leak or rupture must be located and a 
repair made before the test can be reattempted.  The repair may be temporary in order to 
complete the testing promptly. 

Future cycles of pressurization will have one of the same three outcomes.  If outcome No. 2 or 
No. 3 recurs, the failures should be studied for evidence of pressure reversals.  If pressure 
reversals are occurring, the probability of a reversal large enough to cause failure at the 
intended M(A)OP should be determined (see Pressure Reversals section). 

Figure 5 is a flow chart designed to assist in determining when and to what extent the target 
test pressure should be lowered in an attempt to avoid additional ruptures from occurring 
during testing of an existing pipeline segment.  This process is valid for the analysis of test 
failures caused by defects in the longitudinal seam weld (see Typical Cause of Multiple Test 
Failures section).  It is also only intended for spike testing based on the maximum bound test 
pressure recommendations.  The variables utilized in the flow chart are described below. 

 HTP: Minimum bound hydrostatic test pressure (psig) for the conventional hold, or 
federal regulation strength test 

 STP: Spike test pressure (psig) 
 Pf_1:  Failure pressure (psig) at the test site of the first test failure 
 Pf_x or Pf_x-1:  Failure pressure (psig) at the test site of failures subsequent to Pf_1.  The 

subscripts “x” and “x-1” represent the failure number (e.g. if it is the third test failure 
the line has experienced then “x” = 3 and “x – 1” = 3 – 1 = 2). 

 Ptarget:  Target pressure (psig) the test plan is attempting to achieve 
 Pt:  Highest level of pressure (psig) reached at the test site on any prior pressurization 

during the current test cycle.  For the first test failure, Pt is equal to Pf_1. 
 Pr_1:  Pressure reversal size (%) of the first pressure reversal (See Equation 7) 
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 Pr_i:  Pressure reversal size (%).  If Pf_x is less than Pt, then this signifies the occurrence 
of a pressure reversal, and the reversal size must be calculated (See Equation 7).  The 
subscript “i” represents the reversal number (e.g. if it is the second reversal the line has 
experienced then “i” = 2). 

 Pr_max:  Pressure reversal size (%) of the largest pressure reversal to occur on any prior 
pressurization during the current test cycle.  For the first pressure reversal, Pr_max is 
equal to Pr_1. 

 Pr_limit:  Pressure reversal maximum size limit (%).  The reversal size that would 
diminish the entire margin between the STP and the HTP.  Complete erosion of this 
margin may require the M(A)OP to be lowered.  It can be calculated as, Pr_limit = 1 – 
(HTP/STP), and should be rounded down to the nearest percent. 

 Failure count:  The total number of test failures that have occurred on the test 
segment during the current test cycle. 

 Threshold:  The number of tolerable failures the test project can withstand before the 
target test pressure must be lowered due to cost restraints, schedule restraints, or both.  
This threshold can be set infinitely high if cost and schedule are not limiting factors. 

 FR:  Pressure reduction factor (%).  The percent of the target test pressure the 
contingency test pressure should be set at in an attempt to avoid additional pressure 
reversals from occurring.  This factor is calculated as shown below. 

o FR = 1 – [Average(Pr_1, Pr_2,…, Pr_x) / 100] 
 Average(Pr_1, Pr_2,…, Pr_x) = (Pr_1, Pr_2,…, Pr_x) / x 

Examples demonstrating how to apply the contingency test plan flow chart are provided in 
Appendix D. 
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Figure 5.  Contingency Test Plan Flow Chart 
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Depressurization, Dewatering and Drying 
Depressurization should be controlled, and at a similar rate to the pressurization.  Some 
dewatering procedures allow for displacement with liquid, such as crude oil or some refined 
products.  However, if compressed air or nitrogen is used to displace water, measures must be 
taken to prevent air locks.  When an air lock occurs either increase the displacing pressure 
(without over-pressuring) or vent at high elevations in front of the dewatering pig. 

The extent of drying required after a test varies depending on the pipeline service.  Drying 
methods include one displacement pig run (to displace free water), drying with chemicals, 
pigging with dehydrated air, and nitrogen pigging to as low as a -80 deg. F dew point.  
Generally, CO2 pipelines require the lowest dew point and heated nitrogen is used for drying, 
whereas crude oil pipelines may only require a single pig displacement. 

Additionally, API 1110 section 5.9 provides general guidelines on depressurization, displacement 
and the disposal of test fluidsxli.  Chapter 6 of the Pipeline Rules of Thumb Handbookxlii provides 
guidelines related to dewatering and drying.  

Environmental 
Environmental permits (local, state or federal) may need to be obtained prior to pressure 
testing.  A permit for test water discharge/disposal is typically required.  The use of additives 
may be prevented, or require additional permitting or restrictions on disposal.  Depending on if 
the test section crosses or is in close proximity to an environmentally sensitive area, a study on 
the potential impact of test failure to the environment may need to be conducted.  Generally 
pipeline operators have a dedicated environmental group within its organization to consult.  
Additionally, local, state and federal environmental protection agencies publish permitting 
forms, requirements and frequently asked questions on publically assessable websites for 
reference. 

SAFETY GUIDELINES 
Safety Considerations 
Hydrostatic or pneumatic pressure testing is performed routinely and usually without incident.  
However, despite the routine practice, there are many sources of potential hazard.  Testing with 
natural gas, air or nitrogen has obvious dangers from the stored compression energy of the 
gas.  Testing with water also presents hazards.  Also, incidents of personal injury, fatality, or 
property damage associated with pressure testing, including both pneumatic and hydrostatic 
pressure tests have occurred.  Many involve failures of test equipment or materials other than 
the pipe being tested.   
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Note: The safety issues discussed herein in conjunction with pneumatic testing are intended to 
address situations where any failure that might occur will occur in a ductile mode.  If a failure 
were to occur in a brittle mode during a pneumatic test, the extent of fracture propagation 
could be significantly greater than that which would accompany a failure in a ductile mode.  An 
operator intending to employ pneumatic testing should consider the potential for a brittle 
fracture to occur.  The potential for a brittle fracture is likely limited to older vintage materials 
such as lap-welded pipe, dc-or LF-ERW pipe, flash-welded pipe or, in general, pipe materials 
manufactured prior to 1960.  Temperature is also a factor, and tests conducted in cold weather 
would present more of a risk. If the potential for brittle fracture is believed to exist, the 
operator may want to consider hydrostatic testing or to employ enhanced measures to protect 
personnel and structures in the event of a failure during a pneumatic test. 

Test Monitoring and Setback Distances  
The Potential Impact Radius (PIR) calculated in accordance with 192.903 is adopted by some 
operators or testing contractors for determining a safety zone around a test section.  The PIR is 
calculated as:  

. 	 	 	      Equation 9 

where 

 P = Absolute Test Pressure (psig) 
 D = Outside Diameter (in) 
 R = Radius of Potential Impact (ft). 
 

The PIR concept was developed as a method for defining the length of natural gas pipeline 
requiring special integrity management measures based on proximity to sites containing 
concentrations of peoplexliii.  The PIR formula was created by determining the amount of natural 
gas that would escape from a pipeline after rupture but before reaching an ignition source.  The 
resulting flame jet’s effects, considering heat flux directed at objects at a variable distance from 
the rupture site, were then computed.  The PIR has been set at a heat flux intensity of 5,000 
Btu/hr-ft2, which corresponds to a value at which wooden structures would not be expected to 
ignite and fatalities of unsheltered persons subject to 30 seconds of exposure would be a 1% 
probability.  The radius calculated by the PIR does not have a basis that relates to the safety 
radius of a pipeline containing an inert gas, other than the fact that they both are dependent on 
pipeline diameter and pressure.  A method for calculating a safety radius for pneumatic testing 
is discussed below. 

When testing with water, a minimum 25-foot exclusion radius is recommended around all above 
ground test sections.  This is not based on calculations but in part by reviewing prior hydrostatic 
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testing safety incidents that resulted in injuries or fatalities at less than a 25-foot radius.  The 
Interstate Natural Gas Association of America recommends in their document titled Pressure 
Testing (Hydrostatic /Pneumatic) Safety Guidelines that a 100-ft or greater exclusion zone for 
workers and test equipment be used around hydrostatic and pneumatic tests.  No mention is 
made as to whether those requirements apply to only above ground test sections or all test 
sections.  Many operators and pressure test contractors implement a minimum 50-foot 
exclusion radius for hydrostatic pressure tests, which is considered acceptable. 

Appendix E gives safe distance calculation models for short and long length pressure tests.  The 
models are provided for consideration.  However, alternative safe distance calculation models 
are under development in the industry whereby empirical equations are used to describe the 
safety radii for above and below ground test segments during testing for potential human or 
structural impacts.   

A resource for test medium selection guidance for pressure and tightness testing of piping and 
equipment is provided in ASME PCC-2xliv Article 5.1.  The procedure is relative to pressure and 
tightness testing of pressure equipment, including tubular heat exchangers, pressure vessels, 
and piping systems.  Included is a decision flow chart for “test type selection” where the inputs 
include: 

 alterations and repairs, 
 possibility of brittle fracture,  
 stress relief,  
 weld procedure and quality,  
 NDE,  
 safety consideration,  
 application considerations and test purpose,  
 potential energy, and 
 risk and consequences, 

The possible outcomes of following the decision flow chart include the following actions:  
 perform a tightness test, 
 perform an in-service leak test, 
 conduct a hydrostatic pressure test, 
 perform a tightness test with additional NDE, or 
 perform NDE per applicable code. 

Understanding the Hazard 
Pressure testing is usually accomplished without test breaks occurring (although the likelihood 
of test breaks can vary greatly depending on circumstances), and test breaks usually are an 
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inconsequential nuisance.  Nevertheless, the authors are aware of a number of test failures 
occurring on liquid and gas pipelines that resulted in property damage, injury near miss, 
personal injuries, or fatalities as listed in Table 13.  This list is illustrative but is not set forth as 
comprehensive or complete. 

The majority of these consequential failures occurred with water because most testing is done 
with water due to the typically high target test stress levels.  These incidents indicate that 
testing with water at high pressure is not without hazard.  Many consequential test failures 
involved failure of components other than the line pipe being tested. 

The information in Table 13 in most cases was known from direct involvement by the authors or 
other Kiefner personnel.  A few were provided by Kiefner clients by request or were found in an 
on-line search.   

All incidents listed in Table 13 involved testing of natural gas or hazardous liquid pipelines or 
associated facilities.  Additional consequential pressure testing incidents are widely reported to 
have occurred in vessel or fabrication shops, piping in process or power facilities, storage tanks, 
plastic piping systems, and oil or gas field equipment.  These events were not included in Table 
13. 

Certain patterns of causal factors are evident.  These include: 

 Personnel in close proximity to piping or equipment at the time of failure; 
 Failure of components other than the pipe being tested.  Prominent among these are 

couplings (usually of the 2-bolt type with cleats that engage grooves machined at the 
end of temporary piping).  The cleats may become damaged, cracked, or worn such that 
they are unable to sustain the thrust forces from pipe pressure; 

 Pipe whip upon sudden separation of joints; and 
 Jet and debris impingement from a leak or rupture. 

Test failures that involve injury or death more frequently occur due to a failure in either test 
equipment or pipeline fittings and equipment because workers are most likely to be in close 
proximity.  Ensuring that only pressure rated approved components that are within their service 
life and in good condition are being used as well as ensuring no pipeline equipment is being 
exposed to pressure above its rating is one of the easiest ways to reduce the chance of an 
incident during a test.   

Some recurring preventive and mitigative measures include: 

 Observe and maintain safe separation distances for all personnel; 
 Restrict public exposure to beyond a suitable exclusion zone; 
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 Inspect and confirm fitness of all test equipment and components prior to use; and 
 Restrain or anchor flexible or movable piping. 

Many factors are involved in the considerations for safety measures.  One hazard not 
specifically identified in the listing due to insufficient incident details available is associated with 
dewatering.  Dewatering can involve using compressed air to propel urethane cleaning pigs 
through the line to push test water out of the line and into the next test section or into tanks 
for treatment and disposal.  Changes in pipe elevation or direction may create variations in pig 
speed that prompt the compressor operator to increase pressure; or the pipe alignment may 
create air pockets capable of building up stored energy of compression.  The sudden dislodging 
of the pig and collapse of air pockets may produce large pressure transients and thrust forces 
that can fracture components or separate pipe joints, particularly at temporary connections 
resulting in whipping of unrestrained fill or dewater piping.xlv  The effect can be similar to a test 
break that occurs during a pneumatic test.  Fatalities have reportedly occurred.  

ASME B31.8-2016 contains several clauses that speak to the hazards of pressure testing in 
general, with some emphasis on pneumatic testingxlvi.  Clause 841.3.1 outlines general 
provisions for pressure testing after construction.  Pressure testing with water is recommended 
whenever possible (Clause 841.3.1(c)), however when a gas is used as the test medium the 
test pressure shall not exceed either 1.25 times the design pressure (Table 841.3.2-1), 30% of 
SMYS if flammable gas is used, or 40% to 75% of SMYS depending on the class location if air 
or nonflammable nontoxic gas is used (Table 841.3.3-1).  Additionally, Clause 841.3.1(d) states: 
“When pipeline systems are installed in unstable soils or the mass of the test medium 
contributes to additional stresses in the pipeline system, the stresses and reactions due to 
expansion, longitudinal pressure, and longitudinal bending shall be investigated prior to testing.  
This investigation shall confirm that the test pressures and loads do not produce unacceptable 
stresses, strains, deflections, or other conditions that could adversely impact the ability of the 
system to perform as required.”  Finally, precautions for public and employee safety are 
addressed by Clause 841.3.6.   
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Table 13. Pressure Testing Failures 

Test 
Medium 

Pipe 
Size  Pressure Consequence Description Preventive or 

mitigative measures 

Air fill to 
100 
psig, 
balance 
nitrogen 

NPS 10 600 psig 
(approx.) 

Property 
damage, 
facility 
damage, injury 
near miss 

Welding on line while under test 
caused detonation at interface 
between compressed air and 
residual gas, resulting in loss of 
several hundred feet of pipe and 
public property damage 

Prohibit welding or 
mechanical work on pipe 
while on test, restrict 
entry to ditch during test 

Water NPS 6 < 200 psig Injury near 
miss 

Coupling on fill line broke, 
unrestrained pipe whip narrowly 
missed several workers who had 
to take evasive action to avoid 
injury 

Inspect test equipment 
before testing 

Water NPS 6 
(30” OD 
test 
pipe) 

< 200 psig Property 
damage, 
facility damage 

Coupling at swivel joint on test 
header fill riser broke, caused loss 
of control of test water, test site 
flooding, and damage to test 
header assembly 

Inspect test equipment 
before testing 

Water 30” OD 996 psig Property 
damage 

Pipe rupture water jet knocked 
down large tree limbs 

Restrict access over the 
pipeline during test 

Water NPS 14 1850 psig 
(approx.) 

Property 
damage 

Instability of non-engineered 
artificial slope during the test 
overstressed pipe, pipe rupture 
water jet damaged adjacent 
house 

Evacuate houses in close 
proximity to pipe during 
test 

Water 36” OD Unknown Facility 
damage 

Contractor used HDD pulling head 
as a test header which failed 
under pressure 

Test heads must be 
designed to work safely at 
test pressure 

Water 24” OD 320 psig 
(approx.) 

Personal injury Buried Dresser coupling separated 
during test of new pig launch 
facility, injured worker standing 
directly over coupling 

Tie down unrestrained 
pipe, reinforce Dresser 
couplings, restrict access 
over the pipeline during 
test 

 
Nitrogen 

 
42” OD 
vessel 
and 24” 
OD 
piping 

 
2100 psig 
(approx.) 

 
Fatality and 
injury 

 
Pipe whip caused when filter-
separator quick-opening closure 
door blew off, possible 
overpressure due to PRV isolation 
and lack of test operator 
communication, test station set up 
in close proximity to tested piping 

 
Check and secure 
mechanical equipment, 
verify PRVs are open, 
monitor and communicate 
pressure, observe 
personnel separation, 
follow safety procedures 

Water 36” OD Unknown Facility 
damage 

Pressure sense line froze while 
testing in cold weather, over-
pressured pipe to rupture 

Use antifreeze or heat 
trace pressure sense lines

Water NPS 6 or 
8 

Unknown Facility 
damage 

Pressure sense line froze while 
testing in cold weather, over-
pressured pipe to rupture 

Use antifreeze or heat 
trace pressure sense lines

Water NPS 14 1160 psig Property 
damage, injury 
near miss 

Pipe failure in road crossing 
damaged roadway and moved a 
parked car against a pole 

Restrict access over the 
pipeline during test 

Water NPS 2 
plug 

Unknown Personal injury Pressure washer used to pressure 
up 100 ft of replacement pipe in 
yard, pressure unknown, threaded 
2” plug separated from valve 

Use proper pressure 
equipment and gauges, 
inspect condition of 
threaded joints, observe 
personnel separation 
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Test 
Medium 

Pipe 
Size  Pressure Consequence Description Preventive or 

mitigative measures 

Water NPS 6 
(20” OD 
test 
pipe) 

Unknown Fatality Coupling separation on test fill 
pipe caused unrestrained pipe 
whip 

Inspect test equipment 
before testing, observe 
personnel separation 

Water 30” OD Unknown Injury near 
miss 

Flange fractured during test of 
above-ground piping moments 
after site workers walked past 

Observe personnel 
separation 

Water 24” OD 550 psig Injury near 
miss 

Spray and debris from test 
rupture near freeway created 
traffic hazard, reported vehicle 
damage from debris 

Restrict traffic in close 
proximity, test during low 
traffic hours 

 
The testing incidents summary in Table 13 highlights the fact that no testing medium is free 
from hazards.  Some hazards exist irrespective of the test medium; for example, sudden 
separation of temporary coupled joints and resulting pipe whip.  Other hazards are unique to 
the pressurizing medium, such as flooding with water, suffocation with nitrogen, broken glass 
due to ambient overpressure with any compressed gas, or fire with natural gas.  If all test 
media were compared considering like conditions, the probability of failure would likely be the 
same because pressure provides the driving force, but the test fluid may influence the 
consequence.  Different safety and pressure test execution procedures and practices are used 
by many operators therefore the consequences of known failure incidents cannot be directly 
compared to find if the test medium results in worse (or higher consequence) failures if all 
conditions were the same.  Therefore, since it is difficult to make numerical comparisons 
between test media due to differing conditions, no absolute determination of which is the most 
dangerous can be made.  All test media are safe with suitable precautions and all present 
hazards if suitable precautions are not observed. 

All test media hold unique hazards.  Testing with water can also present hazards even though 
the stored energy of compression is much less than that of gas.  When testing with water the 
consequences can be injury or death to surrounding personnel, damage to nearby structures 
and possible flooding or undermining the ground support for the pipeline or nearby structures.  
Testing with air or nitrogen holds hazards for nearby personnel and property that could be 
impacted by the blast wave of a sudden rupture or projected objects.  When testing with 
nitrogen, there exists a possibility of creating an oxygen deficient area or confined space that 
could be a danger to workers.  When testing with air inside an existing natural gas pipeline, a 
possibility of creating an explosive air/gas mixture exists.   

Table 14 details the specific hazards most closely associated with pressure test media.  
Maintaining appropriate separation distances during testing is also important.  
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Table 14. Test Media Hazards 

Hazard Category Water Nitrogen Air Natural gas 

Mechanism 

Fire -- -- X X 
Shock wave -- X X X 
Projectiles X X X X 
Jetting X -- -- -- 
Flooding X -- -- -- 
Suffocation -- X -- X 

Consequence 

Equipment damage X X X X 
Property damage X X X X 
Fatality or injury X X X X 
Cratering -- X X X 

 
Findings from Pneumatic Pressure Test Experiments 
Observations made by Kiefner during experimental burst testing and through review of recorded 
data have been used to generate recommendations for safe work practices to implement during 
testing.   

The key findings of the experimental tests for above ground piping are: 

 A shock wave formed when axially oriented flaws ruptured, due to the quick speed of 
the steel tearing allowing gas to escape; 

 Only the energy associated with the volume of pressurized gas in the length of pipe that 
ruptures plus one pipe diameter need be considered; 

 The measured free field pressure relates to the energy contained in the length of 
ruptured pipe plus one pipe diameter by using a power law relationship; 

 When the pipe ruptures axially, the resulting free field pressure is greater than the 
pressure generated by an equivalent mass of explosive in an open area, since the shock 
wave produced from a pipe rupture is directed into only one quadrant of the pipe 
circumference; 

 The failure of the pipe in the circumferential direction will not cause an air shock wave 
to form. 

Recommendations for above ground pneumatic pressure testing: 

 Restraints or barricades should be used with above ground piping that is isolated from 
underground piping; 

 Tarps or another material should be put on the ground to cover loose materials next to 
the pressurized piping section to prevent or lessen the number of projectiles generated 
during a pipe rupture. 
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 If loose gravel or other loose media is surrounding the pipe to be tested, the use of 
matting could lessen the likelihood of high energy projectiles being created.  While there 
is still a risk that the fracture could cause part of the pipe or a pipe appurtenance to be 
projected outward, the majority of the potential projectiles are likely from the ambient 
environment.  

 Short segments of above ground piping could become projectiles.  If a short segment of 
piping is isolated from piping that ties it to below ground piping or to tethers such as full 
encirclement pipe supports, the piping could be made into a rocket by the exiting 
compressed energy.  To mitigate the threats associated with this risk, short 
segments of above ground piping must be anchored or restrained.  The above 
ground piping should be restrained by either high tensile cable, rope, or 
barriers placed immediately surrounding the piping. 

 In addition to a safety radius and other mitigative measures, hearing protection used by 
workers in the area of the test segment during pressurization and the first 15 minutes of 
the pressure test would provide additional safety.  Since glass breakage is also possible 
outside of the human safety radius, instructing workers to stay away from the 
immediate areas of untempered glass within the glass breakage radius during 
pressurization and the first 15 minutes of the test will lessen the likelihood of an injury 
in the event of an above ground pipe rupture.   

The key findings of experimental burst tests of 0.75-inch to 8-inch OD piping at pressures 
ranging from 627 psig to 3,310 psig and conducted underneath 3 feet of compressed sand and 
1-2 pound rocks are: 

 Piping segments with calculated stored pressure energy less than 75,000 ft-lbs (0.05 lbs 
TNT equivalent energy) do not require an exclusion zone due to the lack of projectiles in 
experiments that reached a height of 5 ft above the ground surface.   

 The sand and loose rock mixture used over the pipeline in the tests provided a worst 
case scenario for energy absorption.  Rocks or other dense objects can be projected 
more than 100 feet per each 1,500,000 ft-lbs of energy (up to a limit, not yet defined by 
research) from the rupture location.  This conclusion is only valid up to a limit; additional 
testing and research is needed to determine the cut-off point for piping length that 
contributes to the energy transferred to the overburden. 

 Existing pipe in non-desert environments is typically buried with a more cohesive ground 
cover that would likely allow less energy transfer between the released nitrogen and 
small projectiles.  

 The measured distance rocks were thrown conformed to a linear relationship with the 
stored energy in the pressurized gas for the range of tests completed.  This conclusion is 
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only valid up to a limit; additional testing and research is needed to determine the cut-
off point for piping length that contributes to the energy transferred to the overburden. 

 Additional testing in the industry is warranted to determine how the pipe diameter and 
internal pressure affect the safety radius for long length test segments. 

Public Safety  
Local authorities, governmental agencies, potential emergency response personnel, and 
landowners along the ROW should be notified as applicable prior to a pressure test.  Safety 
caution signs should be placed at all public crossings, parks and playgrounds to prevent people 
from walking along the ROW.  Supplemental patrols of the test section during the test may be 
prudent.  Also notify the public by radio, newspaper or mail of upcoming scheduled pressure 
tests.  For residents near the pipeline, consider offering vouchers for dinner away from their 
residence and accommodations at a hotel in order to remove them from the vicinity of the 
pipeline during pressure testing. 

Pressurization, Static Pressure and Depressurization  
Personnel safety shall be considered during all phases of a pressure test.  No public, contractor, 
personnel or equipment working over a test section after the test pressure has exceeded the 
operating pressure.  Test equipment and personnel should be positioned to minimize potential 
hazards and personnel performing the test should approach the pressured line only in the 
performance of their duties.  Properly rated equipment and establishing an effective anchoring 
system are essential to pressurization and depressurization.  Reliable communication equipment 
should be provided and maintained during pressure testing so that all personnel directly 
involved may communicate.  An enclosed, lighted, heated, and/or air-conditioned shelter 
adequately sized to house test recording equipment and test personnel at the data collection 
site should be made available.  Adequate lighting shall be available for testing operations 
performed at night. 

The following safety guidelines should be followed during the pressurization, static testing and 
depressurization of a pressure test: 

 Test manifolds, pumps and personnel should be positioned to minimize potential 
hazards.  Typical positioning should include a barrier between the test equipment and 
test manifold and/or placement of test equipment a minimum distance of 50-feet from 
the test manifold.  

 Personnel performing the test should execute all duties with caution and approach the 
pressurized line only in the performance of their required duties.   

 Non-test personnel should remain out of the vicinity of the test header and test section. 
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 Liquid fill pressure is typically as high as 300 to 500 psig, so fill lines must be steel and 
welded 6-inch or 8-inch pipe with flanges at the pump and test head.  Final hookup to 
the pump and test head is usually completed with two heavy-duty couplings.  Couplings 
should not be used for piping due to end-damage and not usually being installed stress-
free when lying on uneven ground. (Authors note that coupled fill pipe is commonly 
used by some testing contractors.)   

 All temporary welds to be exposed to test pressure should be inspected by non-
destructive testing (NDE). 

 For pressurizing assembly: 
o Install a check valve near the test head. 
o Piped with steel (2-inch pipes with high pressure swivel hammer unions – oil field 

standard) without bends other than the swivels.  Adequate support and bracing 
should be provided for the rigid piping used in connecting to the facility to be tested 
to avoid whipping. 

o Alternatively, high pressure hoses held down by chains or whip checks. 
 To tighten leaking flanges or screwed fittings reduce pressure to zero (or static head 

pressure), or close the isolation valve if pressure is below the maximum working 
pressure of the valve and bleed off to zero.  

 Depressurizing shall be executed in a proven safe manner, such as into a fill line and 
then into a secondary containment (such as a frac tank or tanker truck). Dewatering, 
especially when air is being released can be dramatic.  Enforce the same rate for 
depressurizing as for filling, about 4000 gpm. 

 Adequate support and bracing should be provided for the depressurizing and dewatering 
the line. 

Inclement Weather 
Pressure testing should be suspended during severe weather such as thunderstorms that have 
the potential to produce lightning, hail, heavy rain or wind.    

When there is potential for ambient temperatures to fall below freezing, temperatures need to 
be closely monitored and precautions taken to keep instrument lines and above ground valve 
stations or piping from freezing by the use of portable heating units or insulation blankets and 
tents.  Recommended steps for cold weather testing are outlined below: 

 Electronic transducers (electronic deadweights) can prevent pressure sensing lines from 
freezing.  (The authors are aware of an incident of pressurizing a pipeline to failure due 
to sensor line freezing.) 



FINAL 
18-060 

Kiefner and Associates, Inc.  September 2018 81 

 If conventional deadweights are employed use 50-50 glycol/water or 50-50 
methanol/water in pressure sensing line – not oil as any drops of water will separate 
and could freeze.   
o Coil 20 feet of sensing line filled with anti-freeze in heated trench to prevent water 

entering the line during testing becoming exposed to ambient air.   
 Heat test headers with propane heaters if freezing is anticipated.  

o First place to freeze would be small diameter equipment with small instrument valve 
where conventional deadweight instrument line or electronic pressure transducer 
likely connected.  

 Build plastic and frame structure around piping and heat with propane heaters. 
 Dewater large diameter valve bodies in the fully open position with methanol and 

blanket with glycol. 

Freeze Plugs  
An isolation method for hydrostatic testing is to freeze a short section of the test water by 
surrounding the bare pipeline with liquid nitrogen, forming a “freeze plug” whereby pressurized 
water on either side of the plug cannot pass through.  For freeze plugs installation, if possible 
select a joint having relatively better ductility and toughness compared to other pipe present on 
the segment.  Prior to the installation of freeze plugs inspect the full circumference of the pipe 
for flaws using NDE.  Do not install freeze plugs at potential locations of elevated external 
loads, over girth welds, bends, dents or any anomaly detected in the pipe.  Pressure shall be 
reduced on the pipeline to approximately 50% SMYS or less.  If the pipeline has a history of 
failures (ruptures), the pressure on the pipeline should be lowered further before performing 
the work tasks. The nitrogen tank should be positioned at the excavation site to shield 
personnel in the event of a pipe rupture.  Pipeline operators should require and review nitrogen 
services contractors’ safety procedures related to the installation and removal of the freeze 
chamber, hoses, vent pipe, temperature monitoring equipment, and manifolds.  No individual, 
for any reason, should be allowed to enter a bell hole (or excavation site) while liquid nitrogen 
is flowing into the freeze chamber.  Frequent monitoring for a safe atmosphere in the ditch and 
around the work area may be prudent. 

Job Safety Policies, Permits and Checklists 
The following are examples of applicable company safety policies that should be reviewed prior 
to and referenced during the execution of activities related to pressure tests: 

 Environmental, Health & Safety Policy 
 General Safety Rules and Responsibilities 
 Vehicle Safety 
 Electrical Safety 
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 Energy Isolation (Lockout/Tagout) 
 Fall Protection 
 Personal Protective Equipment 
 Safe Work Practices and Permitting 
 Housekeeping 
 Manual Lifting – Back Injury Prevention 
 Contractor & Visitor Orientation 
 Incident Notification 
 Injury/Illness - Handling & Reporting 
 Motor Vehicle Collision - Handling & Reporting 
 Incident Investigation 
 Chains and Slings Inspections 
 Excavation & Trenching 
 Heavy Motorized Equipment 
 Ladder Safety 
 Flammable & Combustible Liquid – Handling & Storage 
 Hazard Communication 
 Hazardous Materials 
 Hearing Conservation 

The following permits or checklists may be necessary prior to or during pressure tests: 

 Safe Work Permit 
 Job Site Safety Analysis (JSA) 
 Daily Excavation Checklist 
 Equipment Operator Daily Check 
 Confined Space Entry Permit 
 Isolation Blind List (Lockout/Tagout)  
 Line Cutting (above or underground) 
 Vacuum Truck Safety Checklist 

PRESSURE TEST EVALUATION GUIDELINES 

Pressure Test Evaluation Overview 
Upon completion of a pressure test the results should be studied to confirm the intended 
targets of the assessment were met and to evaluate the overall value of the assessment on 
pipeline integrity.  Did the pressure test address pipeline specific threats and operational needs?  
Was the test-pressure-to-operating-pressure ratio (TPR) sufficiently high for long-term 
operational safety, and was it used to establish a re-inspection interval for the control of time-
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dependent defect growth?  The answers to these questions should be yes if the guidelines 
outlined by the test planning and test execution phases were followed however, an operator 
should evaluate and document the actual test results to verify the pipeline integrity goals were 
achieved and support the current and future integrity management plans.  

An evaluation of a pressure test should include: 

 establishing maximum allowable operating pressure (MAOP) or maximum operating 
pressure (MOP), 

 metallurgical failure investigation of pipe failures, 
 estimating potential remaining flaw sizes and populations, 
 estimating time-to-failures for time dependent flaws, 
 establishing a reassessment interval for pipeline integrity, 
 analyzing the relative risk for long seam weld failure, and 
 validation of ILI.  

Test Failure Investigation 
The objective of a metallurgical failure analysis of a line pipe failure is to assign one or more 
probable causes for the failure.  The failure analysis may identify issues that must be 
remediated to ensure the integrity of other sections of the failed line pipe as well as other 
pipeline segments with similar characteristics (i.e. pipe manufacturer, seam type, grade, other 
specifications, coating type, and environmental conditions).  It is recommended that all 
pressure test failures undergo a thorough, potentially third party, metallurgical failure 
investigation unless there is substantial evidence that the cause of failure is known (such as a 
series of gouges without surface cracking, indicative of third party damage).   

A typical sequence of analysis and an example failure analysis protocol are provided in Appendix 
F.  It is recommended a failure investigation include the review, execution and documentation 
of the following: 

 background information 
o pipe attributes (outside diameter, wall thickness, grade, vintage, manufacturer, 

seam type, etc.) 
o location of the failure by state, county, section, township, range, tract number, 

and station number 
o deadweight pressure at time failure was detected 
o calculated pressure at location of the failure correcting for elevation 
o date and time the failure was detected, method used, and test attempt number 
o date and time the failure was located, and method used 
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o date and time the failure was repaired and description of the repair (such as 
entire joint replacement, repair sleeve, etc.) 

o location of the failure origin and clock position 
o mode of failure (leak or rupture) 

 custody transfer and control 
 photographic documentation 
 visual and nondestructive examination 
 physical measurements 
 corrosion examination 
 fractographic examination 
 metallographic examination 
 mechanical properties testing 

Based on the review of any previous failures combined with findings from the current pressure 
test assessment, certain conclusions on the pipeline could be made, including:   

 Evidence of a common cause of failure  
 Evidence of a common mode of failure 
 Pipeline section(s) that exhibits a higher rate of failure 
 Identification of primary threats 
 Evidence of susceptibility to pressure reversals  
 Evidence of non-conformance with indicated pipe grade 

Further preventative or mitigative action may be warranted by a pipeline operator if any of the 
above conclusions are made; such as a reduction in pipeline operating pressure or advanced 
reassessment schedules. 

Statistical Distribution of Pipe Material Properties 
Research and destructive testing has shown significant variability in yield strength (YS) and 
ultimate tensile strength (TS) values from specified minimums, which collectively affect flow 
stress estimates.  Most line pipe is over-strength.  Annex D of API RP 1176 provides destructive 
test results for yield strength and tensile strength measurements from several hundred tests 
performed on material samples covering a broad range of grades, vintages, and sourcesxlvii. The 
results are reproduced below to illustrate the distribution of strength values per grade and 
difference between the lower 5th percentile (L5), mean, and upper 95th percentile (U95) values 
(see Table 15, Table 16, Figure 6 and Figure 7).  The greatest variability in YS was observed in 
Grade X56, followed by Grade B pipe. The greatest variability in TS was observed in Grade X52, 
followed by Grade B pipe.  
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Table 15. Database Yield Strength (YS) Properties by Grade 

Grade 
SMYS 

lb/in.2 
(MPa) 

Mean 
YS 

lb/in.2 
(MPa) 

StdDev 

lb/in.2. 
(MPa) 

SD/Mean

U95 YS = 
AvgYS+1.64sd 

lb/in2. 
(MPa) 

L5 S = 
AvgYS−1.64sd

lb/in.2 
(MPa) 

A/Bessemer/Open 
Hearth 

30,000 

(210)a 

39,997 

(275.77) 

4,535 

(31.267) 
0.113 

47,434 

(327.04) 

32,560 

(224.49) 

B 
35,000 

(245) 

48,641 

(335.37) 

7,795 

(53.744) 
0.160 

61,425 

(423.51) 

35,857 

(247.22) 

X42 
42,000 

(290) 

52,228 

(360.1) 

6,396 

(44.09) 
0.122 

62,717 

(432.42) 

41,739 

(287.78) 

X46 
46,000 

(320) 

53,723 

(301.46) 

5,963 

(39.25) 
0.111 

63,502 

(437.83) 

43,944 

(302.98). 

X52 
52,000 

(360) 

59,192 

(408.11) 

5,983 

(41.25) 
0.101 

69,004 

(475.77) 

49,380 

(340.46) 

X56 
56,000 

(390) 

62,833 

(433.22) 

8,704 

(60.01) 
0.139 

77,108 

(531.64) 

48,558 

(334.79) 

X60 
60,000 

(415) 

68,660 

(473.39) 

5,390 

(37.16) 
0.079 

77,500 

(534.34) 

59,820 

(412.44) 

X65 
65,000 

(450) 

72,003 

(496.44) 

2,884 

(19.88) 
0.040 

76,733 

(592.05) 

67,273 

(463.83) 

X70 
70,000 

(485) 

80,438 

(554.60) 

4,996 

(34.45) 
0.062 

88,631 

(611.09) 

72,245 

(498.11) 
a 

Actual range was YS=25 to 30 ksi (172 MPa to 207 MPa), UTS=45 to 50 ksi (210 MPa to 345 MPa) 
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Figure 6. Database YS Properties by Grade 

  



FINAL 
18-060 

Kiefner and Associates, Inc.  September 2018 87 

Table 16. Database Tensile Strength (TS) Properties by Grade 

Grade 
SMTS 

lb/in.2 
(MPa) 

Mean 

lb/in.2 
(MPa) 

StdDev 

lb/in.2 
(MPa) 

SD/Mean

U95 TS = 
AvgTS+1.64sd 

lb/in.2 
(MPa) 

L5 TS = 
AvgTS−1.64sd

lb/in.2 
(MPa) 

A/Bessemer/Open 
Hearth 

50,000 

(345) 

55,711 

(384.11)

5,266 

(36.31) 
0.095 

64,347 

(443.66) 

47,075 

(324.57) 

B 
60,000 

(415) 

68,551 

(472.64)

7,062 

(48.69) 
0.103 

80,133 

(552.50) 

56,969 

(392.79)  

X42 
60,000 

(415) 

70,533 

(486.31)
5,091 

(35.10) 0.072 
78,882 

(543.87) 

62,184 

(428.74) 

X46 
63,000 

(435) 

73,117 

(504.12)

6,312 

(43.52) 
0.086 

83,469 

(575.50) 

62,765 

(432.75) 

X52 
66,000 

(460) 

78,688 

(542.53)

8,698 

(59.97) 
0.111 

92,953 

(640.89) 

64,423 

(444.18) 

X56 
71,000 

(490) 

85,083 

(586.62)

7,304 

(50.36) 
0.086 

97,062 

(669.22) 

73,104 

(504.03) 

X60 
75,000 

(520) 

86,598 

(597.07)

6,644 

(45.81) 
0.077 

97,494 

(672.20) 

75,702 

(521.95) 

X65 
77,000 

(535) 

89,424 

(616.56)

5,915 

(40.78) 
0.066 

99,125 

(683.44) 

79,723 

(549.67) 

X70 
82,000 

(570) 

96,125 

(628.28)

5,786 

(39.89) 
0.060 

105,614 

(728.18) 

86,636 

(597.33) 
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Figure 7. Database TS Properties by Grade 

Toughness is another material property that can vary widely and, if less than optimal19, can 
influence the effectiveness of pressure testing with respect to the elimination of defects.  Annex 
E of API RP 1176 provides guidelines on how to estimate toughness values when unknown or 
mill test reports (MTRs) are unavailable.  The guidelines were derived from a rather extensive 
dataset developed from the PHMSA study on ERW pipexlviii.  The dataset from the PHMSA study 
provided a wide range of CVN transition curves taken from vintage ERW pipelines, many 
associated with the bondline and weld HAZ region.  The API RP 1176 guidelines provide a 
method to identify a toughness value for vintage ERW pipe at a target probability level.  

The optimal toughness concept was expressed by Kiefner, Maxey, Eiber, and Duffy in the basis 
paper for the NG-18 ln-secant equation, “Failure Stress Levels of Flaws in Pressurized 
Cylinders”, STP 536, 1972.  Fully flow-stress-dependent behavior is achieved when the ratio 

                                            Equation 10 

where Kc is a plane stress fracture toughness, c is half the critical crack length, and σf is the 
material flow stress.  But as shown below in Figure 8, strength-dependency is approached 
asymptotically, and 90% of the maximum limit occurs where β>2. Maxey showed that the plane 

                                            
 
19 As stated in API RP 1176: fracture mechanics assessment relationships between flaw size and failure stress level in pressurized 
pipe, including API 579 FAD, modified ln-secant, and CorLAS™, generally indicate that a limiting toughness level is reached beyond 
which no further improvement in failure pressure occurs with increased toughness level. This level is the “optimal toughness.” If the 
actual toughness exceeds the optimal toughness level, the failure is controlled by the material ductile strength; e.g., the flow stress 
or perhaps the ultimate strength. The optimal toughness often falls in the range of 27 J to 81 J (20 ft-lb to 60 ft-lb), depending on 
pipe size and operating stress. 
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stress fracture toughness can be related to the Charpy V-notch (CVN) upper shelf energy, CV, as 
(Kc)2=CVE/Ac where E is the elastic modulus and Ac is the cross sectional area of the CVN 
specimen.  Considering a defect length of one pipe-diameter, 2c=D, then 90% flow-stress-
dependency occurs where the full-size CVN upper shelf energy is 

                                             Equation 11 

Considering flow stress as YS+10 ksi per STP 536, some estimated levels of optimal toughness 
are as shown in Figure 9 for various pipe diameters and grades.  The optimal toughness 
increases with pipe diameter, defect length (although this is influenced by an erroneous artifact 
of the ln-secant model), and flow stress. Optimal toughness for a given circumstance can be 
determined by performing failure stress calculations in accordance with the Modified ln-secant 
equation (which corrects the defect length problem in the original ln-secant equation) while 
varying flaw sizes and CVN upper shelf values as input.  As the optimal toughness is 
approached, the failure stress will cease to increase noticeably for greater CVN input values. 

 

Figure 8. Strength Dependency with Flaw Severity (adapted from STP 536) 
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Figure 9. Example Optimal Toughness Levels 

Pipe Yielding 
Biaxial Loading Effects 
Yielding of a ductile material, such as carbon steel, happens when the von Mises stress (also 
known as equivalent or combined stress) reaches the material yield stress.  Equivalent 
combined stress under biaxial loading is calculated as  

∙     Equation 12 

where 

σ  is the longitudinal stress,  

σ  is the hoop stress, and 

σ  is the von Mises stress. 

Equation 9 ignores through-thickness stress.  This relationship is shown in Figure 10 which plots 
the combination of longitudinal and circumferential stress that would result in yielding. 

From the biaxial stress equation and Figure 10 it can be understood that when both the hoop 
stress and the longitudinal stress are tensile it is possible for one of these stress components to 
exceed the yield strength slightly without yielding occurring.  To show this we consider a pipe 
with longitudinally restrained and unrestrained conditions, subject to internal pressure and no 
significant external loadings.  Under restrained conditions the longitudinal stress which is 
generated by the internal pressure is Poisson’s ratio (0.3 for carbon steel) times the hoop 
stress.  Using 0.3  and solving Equation 9 for  where  is the yield stress, 
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results in a hoop stress of 1.125 .  Therefore, yielding does not happen until the hoop stress 

exceeds the yield stress by 12.5%.  In an unrestrained straight pipe the longitudinal stress is 
50% of the hoop stress.  Under the unrestrained condition yielding occurs when the hoop stress 
exceeds the yield stress by 12.5%.  The actual yield strength in most pipe is greater than SMYS, 
further elevating the pressure capacity before yielding.  Therefore, yielding of a pipe during a 
pressure test to hoop stress levels somewhat above 100% SMYS is not expected provided the 
pipeline as-installed is not subjected to large external loadings at the time of the test.   

The curve in Figure 10 to the left of the vertical axis also shows that if the hoop stress is high, it 
takes very little longitudinal compression to result in yielding (or conversely if the axial 
compressive stress component is large, it takes little circumferential stress to cause yielding).  
Thus if a portion of the pipeline undergoing high level testing experiences large external 
loadings which may place the pipe section in net longitudinal compression or bending, yielding 
may occur.  Situations where such external loadings could affect lengths of buried pipeline may 
include, but are not limited to: 

 Zones of post-installation settlement or uneven support below the pipeline; 
 elastic bends or where pipe was roped to the ground contour; 
 at the entry or exit to swampland or having unevenly spaced weight such that it is 

subjected to differential buoyancy; 
 at the toe of steep slopes. 

 

Figure 10. Relationship for Yielding in Biaxial Loading 
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The consequence of yielding, if it occurs, depends on the extent of the yielded zone and the 
amounts of plastic deformation.  A uniform axial stress usually does not change rapidly along a 
buried pipe.  A uniform compressive axial stress (for example from long-wall subsidence or 
moving slope), if it is high enough, can cause a long segment of a pipe to yield during a 
pressure test.  Under this scenario the entire pipe cross-section is expected to yield, leading to 
expansion of the pipe diameter and potentially reduction of the pipe wall thickness.  Ambient 
temperature creep is another potential consequence of excessive yielding.  Yielding of a long 
pipe segment during a pressure test can be detected by measuring fluid volume, and location(s) 
of the yielded segments can be determined by means of inline inspection (ILI) using a 
geometry tool.  

Bending stress usually changes rapidly along a pipe, while it varies from compressive to tensile 
around the pipe circumference.  As such, the yielded zone resulted from combined hoop and 
compressive bending stress is expected to be relatively small and only affect a portion of the 
pipe circumference with the utmost distance from the bending neutral axis. 

The normality principal states that the strain vector will be perpendicular to the yield curve.  
This vector, normal to the left half of the curve in Figure 10, will exhibit a positive 
circumferential component indicating that the pipe will swell or bulge radially outward, which is 
consistent with experience and observation. 

Testing in-situ as an Indicator of Yield Strength  
Information can be acquired during a hydrostatic test that will indicate whether or not the 
yielding of pipe is occurring.  The type of information needed is a plot of pressure versus 
volume of water being added (a PV plot) as the test is being conducted.  Most pipeline 
hydrostatic testing companies are familiar with this concept and are usually equipped to make 
such a plot if it is requested. 

The volume of water being added is taken from a stroke-counter on the positive-displacement 
pump.  Each stroke corresponds to a fixed volume of water being added.  The plot can be made 
manually by the technician overseeing the dead-weight pressure gauge.  Every 10 psi the 
technician calls out the pressure, and another technician monitoring the pump-stroke counter 
calls out the cumulative number of strokes.  The first technician then enters the data on the PV 
plot.  Some testing contractors may have automated systems to do this.  In any case, after any 
residual air in the test section has been sufficiently compressed (usually by the time the 
pressure gets to 300 psi), the PV slope becomes and remains linear until or unless a leak occurs 
or yielding of the weakest pipe begins to take place.  The theoretical linear slope can be shown 
to be a function of the diameter, wall thickness, and elastic modulus of the pipe and the bulk 
modulus of water at the test temperature.  
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If no leak is present and yielding begins, the slope of the PV plot will deviate from the linear 
plot generated while the pipe is still behaving elastically.  The slope will begin to decrease at an 
increasing rate as the yielding of additional pipes begins.  To avoid excessive amounts of 
yielding, it is prudent to terminate additional pressurization when the slope declines to one-half 
of the originally observed elastic slope.  At that point the pressure becomes the effective 
maximum test pressure.   

A leak can mask or mimic yielding because a leak takes away water being added.  It is possible 
to determine if a slope deviation is being caused by a leak.  To do so, the pressurization should 
be stopped temporarily.  The pressure may drop slightly at that point whether due to a leak or 
to yielding.  However, if the decrease is due to yielding the pressure will stop dropping whereas 
it will not stop dropping if a leak is present. 

An alternative approach to determining whether a pressure reduction is due to a leak or 
temperature effects is to plot the test pressure versus log-time.  In normal time coordinates, 
the pressure loss due to a leak will tend to be approximately linear as shown by the dashed red 
line in Figure 11(a) below, whereas the pressure loss due to cooling of the test water will 
asymptotically approach a stable value because the cooling rate slows as the thermal 
differential decreases.  In log-time coordinates, the pressure loss due to a leak will exhibit a 
downward curve whereas pressure loss due to test water cooling will tend to follow a linear 
path, as shown in Figure 11(b).  
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 (a) 

 (b) 

Figure 11. Test Pressure Loss Behavior over Time 

Effects of Pipe Yielding and Acceptable Limits on Pipe Expansion 
Pipe pressurized above yield stress will expand, permanently deform and eventually fail if 
pressurization is not stopped once the yield point is observed.  In principle there is nothing 
detrimental about some amount of yielding well short of bursting a sound pipe, because the 
pipe that is yielding will undergo strain-hardening.  Its strength level will increase 
commensurate with the pressure level reached.  Gaging pig results on pipelines where 
significant yielding had taken place is detailed in Table 5 in Reference iiixlix.  These data 
indicated that 300 miles of 30-inch OD and 36-inch OD X52 pipe tested to 113% of SMYS 
showed less than ¼ percent of the pipe was expanded more than 1% (about 100 pipes out of 
40,000) and that 50 miles of 36-inch OD X60 pipe tested to 113% of SMYS showed less than 
1% of the pipe was expanded more than 1% (about 66 pipes out of 6,600).  It is known based 
on PV plots that the pressurizations of these test sections where carried out to offset volumes 
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well beyond that which corresponds to the half-slope-limit criterion suggested above.  Yet there 
is no known indication that any of these pipes have caused problems in the 50 to 60 years since 
they were installed.   

While it is clear from Reference iii that some pieces of pipe in active pipelines have been 
expanded to levels of 1% or more, there is a practical limit to the amount of yielding that 
should be accepted.  If the pipe diameter increases by more than about 1/8-inch (0.4% 
expansion for a 30-inch-OD pipe), and it has to be repaired later in service for any reason by 
cutting out a cylinder, then it may not be possible to weld a standard-size pipe to the expanded 
pipe.  The half-slope-limit on a PV plot is a reasonable way to assure that few if any pieces of 
pipe attain 0.4% plastic expansion in a pressure test.  

Unintended expansion of pipe during pressure testing has occurred in pipe installed in various 
eras.  Tests of the effects of pre-strain or strain history on the ductility properties of steel 
including line pipe have shown that expansion of 2% and potentially up to 3% of the pipe 
diameter has little adverse effect on pipeline fracture control parameters and only minor effects 
on reassessment criteria or intervals.  Larger amounts of diameter expansion should be 
addressed with a comprehensive fitness for service evaluation of these effects if the expanded 
pipe is to remain in placel. 

Reassessment  
Reassessment of pipeline segments that could affect high-consequence areas (HCAs) is required 
by 49 CFR 195.452 and 49 CFR 192.939.  According to Paragraph 195.452(j)(2) an operator 
must conduct a periodic evaluation as frequently as needed to assure pipeline integrityli.  The 
frequency must be based on an evaluation of risk factors (including, but not limited to, results 
of the previous integrity assessment, defect type and size that the assessment method can 
detect and defect growth rate), analysis of the results from previous assessments, the 
information analysis required by Paragraph 195.452(g) (which considers the potential for 
damage and the consequence of failure), decisions about remediation, and preventative and 
mitigative actions.  As stipulated in Paragraph 195.452(j)(3), an operator must establish 5-year 
intervals, not to exceed 68 months, for continually assessing the line pipe’s integritylii.  
Additionally, Paragraph 195.452(j)(4) states an operator may be able to justify an engineering 
basis for a longer than 5-year assessment interval on a segment of line pipeliii and must notify 
PHMSA (OPS) 270 days before the end of the 5-year (or less) interval.  Paragraph 192.939 
provides maximum reassessment intervals for gas pipelinesliv.  The code incorporates ASME 
B31.8S by reference and maximum reassessment intervals can range from seven to 20 years 
depending on operating stress level, assessment type and results.   
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Reassessment intervals for pipeline segments are supported by the evaluation of pressure test 
results and execution of engineering critical analysis.  Maximum potential defect sizes that could 
just-survive the pressure test are estimated utilizing the maximum TPR value achieved (without 
failure) at the location of analysis.  All pipe types present should be included in the analysis, as 
well as critical locations studied such as station discharge locations, high point elevations, and 
crossings.  Applicable growth, under various degradation mechanisms, is modeled for the 
assumed just-surviving population of defects.  Time-to-failures are predicted when each 
modeled defect type and size extends to a size expected to fail at MAOP or MOP.  Predictive 
time-to failure models can be deterministic or probabilistic.  For deterministic model results, 
reassessment from the date of the pressure test should not exceed the minimum estimated 
time-to-failure divided by a recommended safety factor of two.  For probabilistic model results, 
reassessment should not exceed an operator defined acceptable level of risk or probability of 
failure (POF) at the target reassessment time.  Target risk thresholds should account for a 
number of factors including local consequences of failure, uncertainties associated with the 
assessment method, expected pipeline operation, and expected rates of degradation, among 
other things.  

Recall that pressure testing is commonly implemented for the reassessment of longitudinally 
oriented anomalies associated with the pipe seam manufacturing processes.  The sections to 
follow provide guidelines for the execution of a deterministic time-to-failure model for 
longitudinal seam weld fatigue cracks and outline the necessary steps in reassessment interval 
determination, which include: 

 selection of material property input parameters, 
 establishing an initial and final flaw size, and 
 modeling growth (in the case of the example to follow, pressure-cycle-fatigue). 

Pressure-Cycle-Induced Fatigue Growth Analysis – 
Deterministic Model Example  
A mechanism that can cause time-dependent degradation of seam integrity involves the 
enlargement of latent seam manufacturing flaws by pressure-cycle-induced fatigue.  An 
operator assessing the need for seam integrity reassessment should consider the possibility that 
the segment can be affected by this mechanism.  The results of a fatigue analysis should be 
used to decide if and when reassessment is needed.  

Guidelines on how to execute a fatigue analysis considering the results of a pressure test, 
including recommendations on input variables are addressed herein. 
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Establishing Initial and Final Flaw Sizes 
The initial sizes of cracks for which the times to failure are desired can be established by a 
failure-pressure-versus-flaw-size model, including but not limited to Modified Ln-Seclv, PAFFClvi, 
CorLas™ lvii, API 579 Level IIlviii, or Battelle’s “Pipe Assess PITM” axial crack analysis softwarelix to 
define the flaw length and depth combinations that could have just survived the test pressure 
level.  Reference Annex C of API RP 1176 or the PRCI Project PR-218-0540 report, Pipeline 
Defect Assessment – A Review & Comparison of Commonly Used Methodslx, for in depth 
descriptions of the above listed methods (except the Pipe Assess PITM software).  Normally, nine 
length and depth combinations with depths ranging from 10% of 90% of the wall thickness are 
adequate to establish a representative distribution of just-surviving flaws.  The final flaw sizes 
are those length and depth combinations that will fail at the M(A)OP of the pipeline (based on a 
model such as the Modified Ln-Sec Equation).   

Material Toughness 
To utilize a failure-pressure-versus-flaw-size model such as the Modified Ln-Sec Equation20, the 
user must supply an appropriate value of CVN energy for the material to represent its fracture 
toughness.  The appropriate value of CVN energy is the full-size-Charpy-equivalent upper-shelf 
energy measured for the pipe body or heat affected zone (HAZ) material by means of specimen 
oriented transverse to the axis of the pipe with the notch being oriented such that axial crack 
propagation will take place.  The rationale for using the pipe body or HAZ upper-shelf energy is 
that the seam related ERW and FW anomalies that are most often associated with pressure-
cycle-induced fatigue crack growth are hook cracks and mismatched plate edges.  Both kinds of 
flaws are located near, but not in, the bondline and are generally located far enough from the 
bondline such that the relevant material toughness is more like that of the HAZ and pipe body 
than that of the bondline region.  Upper-shelf energy is appropriate rather than the energy level 
from testing a Charpy specimen at a fixed temperature.  This is because the initiation of a 
failure occurs under quasi-static (low strain-rate) conditions; the high strain rate of the impact 
test shifts the transition temperature significantly upward.  The infrequent exception would be 
where the Charpy transition temperature is well above the operating temperature plus the 
temperature shift associated with strain rate effects. 

Pipe material properties, including Charpy impact absorbed energy, can be determined from 
MTRs or destructive testing results where available.  If the Charpy energy is unknown, a 
conservative yet plausible value should be assumed based upon review of pipe vintage, type 
and past test results.  An assumed full-size-equivalent Charpy upper-shelf energy value of 25 ft-

                                            
 
20 The Modified Ln-Sec Equation is not recommended for modeling failure in brittle pipe material and is not recommended for 
material having a full-size-equivalent Charpy upper-shelf energy value of 15 ft-lbs or less. 
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lb or greater is often appropriate for a fatigue analysis where pressure test pressure and the 
Modified Ln-Sec Equation are used to establish the initial flaw size.  Choosing a value near the 
high end of the range for typical line pipe materials manufactured in the 1950s and 1960s 
results in a shorter time to failure (i.e., a more conservative estimate) after a pressure test than 
if a lower value of energy were to be chosen.  The reason is that the higher the Charpy energy 
is, the larger the initial flaws will be.  Of course, the Charpy energy has a similar effect on the 
final flaw size, but when the flaw approaches failure at the M(A)OP, the steps of crack growth 
are so large that the failure pressure drops rapidly.  At this stage the differences in final crack 
sizes for two different levels of Charpy energy will only alter the time to failure by the time it 
takes for a few large pressure cycles to occur.  Time to failure is the time necessary for the flaw 
to grow from the initial to the final size and the effect on crack growth rate from the larger 
initial flaw size associated with high ductility greatly outweighs the small increase from the 
larger final flaw size.  (The opposite strategy for assuming toughness and strength properties 
would apply where the time to failure is calculated based on an ILI or NDE sizing of a flaw.  In 
those cases, conservative times to failure are achieved by assuming lower bound material 
properties.) 

Material Strength 
Most line pipe is over-strength.  Higher material strength enables larger flaws to survive a test 
pressure compared to pipe material near or at SMYS values.  Even though the over-strength 
material increases the failure pressure, the fact that larger flaws grow more quickly to failure is 
a more dominant factor in the remaining life determinationlxi.  Thus excess strength reduces the 
calculated time to failure when the initial flaw size is based on a pressure test.   

Flow stress is a critical parameter used in failure prediction models and its value is often 
estimated as the SMYS plus 10 ksi.lxii  A more accurate representation of flow stress is the 
average of a material’s yield and ultimate strengths.  If known, the actual mean flow stress 
should be considered for each applicable case.  Pipe material properties can be determined 
from MTRs or destructive testing results where available. 

Research and destructive testing performed by Kiefner of a few hundred specimens has shown 
significant variability in yield strength and ultimate tensile strength values from specified 
minimums, which collectively affect flow stress estimates.  The effects of a distribution of flow 
stress values, including lower bound (lower 5th percentile), mean, and upper bound (upper 95th 
percentile) values should be considered alongside SMYS and for each analysis case.  Table 17 
provides the corresponding recommended yield strength input values for use in analysis if the 
analysis calls for YS as an input but makes adjustments within the calculation to estimate flow 
stress by adding 10 ksi.  Note that Table 17 was developed from the same data set provided 
and documented in the previously referenced Table 15 and Table 16.  
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Table 17. Recommended Yield Strength Input Values for Pipelife based on Flow 
Stress Distributions from Database 

Grade 
Pipelife Yield Strength Input Values based on Flow Stress 

distributions, lb/in.2 (MPa) 
Lower 5th Percentile Mean Upper 95th Percentile 

A/Bessemer/Open 
Hearth 

31,500  
(217.18) 

39,000  
(268.9) 

46,000  
(317.16) 

B 36,500  
(251.66) 

48,500  
(334.4) 

60,500  
(417.13) 

X42 42,500  
(293.03) 

52,000  
(358.53) 

61,000  
(420.58) 

X46 45,000  
(310.26) 

53,500  
(368.87) 

62,000  
(427.48) 

X52 49,500  
(341.29) 

59,000  
(406.79) 

68,500  
(472.29) 

X56 51,000  
(351.63) 

63,500  
(437.82) 

76,000  
(524) 

X60 59,500  
(410.24) 

68,000  
(468.84) 

76,500  
(527.45) 

X65 66,000  
(455.05) 

71,500  
(492.98) 

77,000  
(530.9) 

X70 71,000  
(489.53) 

79,500  
(548.13) 

87,500  
(603.29) 

 
Pressure Cycle Counting  
Recorded pressure cycle data should be collected.  A minimum of one year of data should be 
studied, more if variable operating scenarios have been in effect since the most recent pressure 
test.  Pressure data shall be free of errors and represent past and future pipeline operation.  
The following is recommended: 

 Liquid Pipelines: 
o Data gathering locations include: 

 Each pump station discharge and receipt21  
 Intermediate recorder locations 

o Data gathering frequency is: 
 Fixed 1-minute sample interval, or 
 Change of state sample interval (pressure readings are taken when a 

change in pressure occurs rather than a fixed interval) 

                                            
 
21 Assure the recorded pressure for the receipt location is representative of the mainline (or pipe segment being analyzed) pressure. 
For example, some pressure monitoring equipment, such as pump suction pressure, may be downstream of a check valve or block 
valve and not adequately measure mainline pressure during the entire data collection timeframe. 
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 Gas Pipelines: 
o Data gathering locations include: 

 Each compressor station location  
o Data gathering frequency is: 

 Hourly maximum and hourly minimum, or 
 Change of state sample interval (pressure readings are taken when a 

change in pressure occurs rather than a fixed interval) 

The collected pressure data, representative of pipeline operation, should be collected, 
annualized and rainflow cycle-countedlxiii in order to reduce the stochastic signal into cycles that 
can be used for benchmark cycle analysis and in the fatigue model.  If the magnitude, 
frequency, or both of the actual future pressure cycles differ significantly, then the results of 
the analysis will be affected.  Fatigue crack growth will not occur below a threshold of change in 
stress-intensity, ∆Kth.  Acceptable lower bound ∆Kth limits include 4% to 8% of SMYS 
(depending on pipe grade), or 5% of the maximum pressure cycle recordedlxiv.  Conservatively, 
the lesser of the following two should be disregarded: pressure cycles less than 25 psi or 3% 
SMYS in magnitude.  

Models for Crack Growth Calculations 
A “Paris-Law” modellxv is commonly implemented for the calculation of times to failure for cracks 
that grow by pressure-cycle-induced fatigue.  The generic Paris-Law model is: 

 
∆  Equation 13

 
∆ ∆  Equation 14

where 

da/dN is the incremental crack growth per cycle (inches per cycle)  
∆K is the change in stress intensity factor per cycle (psi√inch) 
C and n are crack growth rate constants that depend on the material and the 
environment 
C1 is a constant 
∆S is the change in hoop stress per cycle (psi) 
a is the current crack depth (inch) 
Q is a function of the depth/length ratio of the crack. 

The Miner-Palmgren Linear Cumulative Damage Law is another model for estimating time to 
failure by fatigue, however, it is not recommended as broadly for use as the Paris-Law model.  
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Instructions on how to conduct fatigue analysis using both the Paris-Law and the Miner-
Palmgren Linear Cumulative Damage Law are provided in API RP 1176. 

Fatigue Crack-Growth Rate Constants 
Crack-growth rate constants may be calculated from the known circumstances of prior failures 
caused by pressure-cycle-induced fatigue.  This requires knowledge of the initial crack size, the 
crack size at failure, the pressure level at failure, the pressure-cycle history and the time that it 
took for the crack to grow from its initial size to the size at failure for at least one case of 
fatigue failure in a particular pipeline.  Another possibility arises where examination by electron 
microscopy reveals steps of crack growth over a significant portion of the fracture surface.  In 
such a case, it may be possible to establish crack growth rate constants by measuring key 
features on the fracture surface.  It is also possible to measure crack growth rates under 
laboratory conditions using either small-scale compact tension tests or full-scale pipe pressure 
cycle tests.  These options are usually not available.  Therefore, it is usually necessary to rely 
on published crack growth rate constants.  API 1176 provides a list of sources and applicability 
for a variety of published rates.  Conservative and widely applicable constants are found in API 
Standard 579-1/ASME FFS-1 Fitness for Service, and the ones recommended are C = 8.61E-19 
for ∆K in psi√inch units and n = 3. 

It is worth noting that the stress decision point addressed in the Seam Weld Threat 
Prioritization section of this report in Figure 12 (Page 108) and Figure 13 (Page 109), (i.e., 
≤30% of SMYS for low priority, ≤40% of SMYS for a test-pressure-to-operating-pressure ratio 
of 1.5) can be rationalized on the basis of the Paris Law and the crack growth rate constant, n.  
It is noted from Equation 14 above that the hoop stress range associated with a pressure cycle, 
∆S, is proportional to ∆K at any fixed crack size.  The crack growth rate, da/dN, as per Equation 
13 is proportional to (∆K)n.  Thus, one can compare the relative effects of different operating 
stress levels on crack growth by comparing the stress levels raised to the nth power.  If we 
assume that the relative cyclic stress range for a pipeline that is operated at 72% of SMYS is 1, 
then 1 to the third power (n=3) is 1.  If we assume that the relative cyclic stress range for a 
pipeline that is operated at 30% of SMYS is 30/72 = 0.4167, then 0.4167 to the third power is 
0.072.  So the crack growth at 72% of SMYS for the case of a full-range cycle is 13.8 times as 
fast as the crack growth rate at 30% of SMYS.  By similar reasoning one can show that the 
crack growth rate at 72% of SMYS is 5.8 times as fast as the crack growth rate at 40% of 
SMYS.  If one assumes that pressure cycles are at least somewhat proportional to the maximum 
operating pressure, then is rational to consider the pipelines operated at stress levels of 30% of 
SMYS are less likely to exhibit failures associated with pressure-cycle-induced fatigue. 
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Calculated Times-to-Failure and Reassessment Interval 
The procedure for conducting a remaining life assessment for a pipeline in which pressure-
cycle-induced fatigue is a possibility is:  

 Study MTRs, findings from destructive material testing, or material property distributions 
to identify either actual strength and toughness properties or estimated ranges of 
strength and toughness properties. 

 Establish initial flaw sizes based on maximum achieved test pressures from the most 
recent assessment. 

 Count pressure cycles for annual representation of service. 
 Select appropriate crack growth rate constants. 
 Calculate times for the population of flaws to reach a critical size to failure at M(A)OP for 

all pipe types and critical locations. 
 Establish the reassessment interval as the minimum calculated time to failure divided by 

a recommended safety factor of two. 

Longitudinal Seam Weld Failure Susceptibility and 
Assessment Prioritization 
TTO-5, “Low Frequency ERW and Lap-Welded Longitudinal Seam Evaluation”lxvi, addressed the 
possible need for reassessment of seam integrity, and it provided a methodology for 
establishing reassessment intervals.  However, it was written at a time when baseline 
assessments were either beginning or in progress.  This section expands on the procedure for 
deciding if and when seam reassessment is needed in light of what has been learned through 
completed baseline assessments and new technology since TTO-5 was written.  

A seam integrity reassessment of a segment may be needed after a baseline seam integrity 
assessment, or an initial assessment may be needed where none was previously conducted if 
any of the following situations exist or develop: 

 The results of the baseline assessment show that the pipe seams in the segment are 
susceptible to time-dependent degradation. 

 The pressure-cycle aggressiveness increases significantly. 
 A service failure occurs as the result of a seam related defect. 
 Investigations of ruptures or leaks caused by seam anomalies in a prior pressure test 

indicate that time-dependent growth of an anomaly has occurred. 
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 Investigations of seam anomalies identified through prior in-line inspection (ILI) reveal 
evidence of time-dependent growth. 

 The results of ILI show that widespread metal loss has occurred on the segment and it 
is known or suspected that the metal loss is not being successfully mitigated22.  

 The segment is bare or poorly coated22. 
 The operator has reason to believe that time-dependent seam degradation may be 

occurring even though none of the above situations exist or have developed. 

The above circumstances indicate the need for reassessment at the interval required by 49 CFR 
195.452 and 192.939.  A pipeline operator should consider that pressure-cycle-induced fatigue 
can lead to failures eventually in any hazardous liquid pipeline even if the pressure cycles are 
judged to be moderate or light.  This includes pipelines comprised of HF-ERW pipe (particularly 
older-vintage) and FW pipe as well as LF-ERW pipe and dc-ERW pipe.  Additionally, FW pipe, 
LF-ERW pipe, dc-ERW pipe and older-vintage HF-ERW pipe are also susceptible to SSWC. 

As part of an effort to determine if and when a seam integrity reassessment is needed, the 
operator should attempt to identify the cause or causes of time-dependent seam degradation.  
In this respect, it is important to investigate any seam related test ruptures or leaks that occur 
during any pressure test of the segment as well as any seam related service failures to 
determine the root cause(s).  In addition, the operator should consider the degree of risk from 
the known causes of seam related, time-dependent degradation and determine the appropriate 
reassessment intervals based on the guidelines presented. 

Applicable Pipe Types 
These recommendations are applicable to any pipe having a longitudinal seam weld: 

 lap-welded  
 direct current (dc) ERW 
 low-frequency (LF) ERW 
 high-frequency (HF) ERW 
 flash-welded (EFW) 
 single-submerged arc welded (SSAW) 
 double-submerged arc welded (DSAW) 

Older-vintage HF-ERW pipe is pipe made from open-hearth, ingot-cast skelp where the 
propensity for hook cracks is essentially the same as it was for LF-ERW.  By the early 1980s, 
most ERW pipe was made from basic-oxygen, continuous-cast skelp where the propensity for 

                                            
 
22 Relevant to the threat identification of SSWC 
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hook cracks is greatly reduced.  Moreover, by the early 1980s, the manufacturers were 
employing much better seam inspection technology.  Therefore, these more modern materials 
and inspection practices do not raise the same concerns that the older materials raised 
regarding hook cracks.  

Weld metal cracks and toe cracks can form at either the outside surface or inside surface of the 
longitudinal weld during the manufacture of submerged arc welded (SAW) pipe.  Rail shipment 
fatigue cracks can also form at the toe of SAW welds.  These flaws, if small enough, can survive 
the commissioning pressure test and possibly enlarge in service due to pressure-cycle fatigue.  
According to TTO-5, the analysis of fatigue crack-growth life for such flaws is essentially similar 
to that for hook cracks in ERW seams.  

Lap-welded pipe should be considered separately from the other types of pipe because it is 
generally used in systems operated at relatively low hoop stress levels and because there is 
little or no evidence that seam related service failures in lap-welded pipe arise from time-
dependent causes.   

Pressure Cycle Aggressiveness Determination 
Collected pressure data, representative of pipeline operation, should be annualized and rainflow 
cycle-countedlxvii in order to reduce the stochastic signal into cycles that can be used for 
benchmark cycle analysis and in the fatigue model (as discussed in the fatigue analysis 
example).  If the magnitude, frequency, or both of the actual future pressure cycles differ 
significantly, then the results of the analysis will be affected.  Fatigue crack growth will not 
occur below a threshold of change in stress-intensity, ∆Kth.  Acceptable lower bound ∆Kth limits 
include 4% to 8% of SMYS (depending on pipe grade), or 5% of the maximum pressure cycle 
recordedlxviii.  The lesser of the following two is recommended for use to determine a 
conservative threshold: pressure cycles less than 25 psi or 3% SMYS in magnitude.  

A comparison of the pressure cycles that occur on the pipeline and benchmark pressure spectra 
should be performed.  The benchmark pressure spectra were calculated from analysis of actual 
pipelines in which fatigue failures occurred.  The comparison of these cycles to the actual cycles 
that occur on a pipeline can be used to determine the relative aggressiveness of the pressure 
cycles.  The cycle aggressiveness can be determined by one of two methods, both adapted 
from TTO-5: 

 Method 1: Determine relative aggressiveness by comparing the minimum estimated time 
to failure using actual pressure spectra to the estimated time to failure using benchmark 
aggressiveness pressure spectra, or 
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 Method 2: Compare an equivalent cycle annual cycle countlxix determined from the 
actual pressure spectra to the equivalent cycle annual cycle count of the benchmark 
cycle spectra.   

The following instructions apply when implementing Method 2.  Table 18 is adapted from TTO-5 
and provides annual benchmark cycle counts for Very Aggressive, Aggressive, Moderate and 
Light cycles.  Using Equation 15, convert the number of annual cycles in each percent SMYS 
range to equivalent Peq cycles.  Then sum each category to determine the number of total 
equivalent Peq cycles. The annual total equivalent Peq cycles are then compared to the annual 
benchmark cycles to determine the resulting aggressiveness.   Table 18 illustrates a Peq equal to 
72% SMYS. 

 3

 










eq

i
i P

Pn  Equation 15

where 

ni  is the number of cycles occurring within the stress range 
Pi  is the highest level of pressure within the stress range (psi) 
Peq           is the pressure value equal to a predetermined value (psi) 

 

Table 18. Annual Benchmark Cycle Counts 

Pressure Cycle Size Very 
Aggressive Aggressive Moderate Light 

66 - 72% SMYS 20 4 1 0 
56 - 65% SMYS 40 8 2 0 
46 - 55% SMYS 100 25 10 0 
36 - 45% SMYS 500 125 50 25 
26 - 35% SMYS 1000 250 100 50 
25 psi - 25% SMYS 2000 500 200 100 
0  - 25 psi 0 0 0 0 
Total Equivalent 72% Cycles 415 101 40 16 

 
An example of how to determine total equivalent 72% SMYS cycles using 5% SMYS bin ranges 
is provided in Appendix G.  

Seam Weld Threat Prioritization 
The seam weld threat prioritization procedure was primarily developed from the flow chart and 
concepts outlined in Annex B of API 1176. There are a few adjustments that add some 
clarification and conservatism to the prioritization result.  Most notably the rearrangement of 
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the question related to in-service seam weld failures to the initial decision box, thereby 
removing the automatic default of pipelines operating at an MOP less than 30% SMYS to a low 
priority categorization.   

A pipeline segment is either categorized as Low, Medium, or High priority for the assessment of 
seam weld defects based on: 

 seam type, 
 year of manufacture, 
 failure history, 
 operating stress level, 
 test pressure levels, coating condition and CP effectiveness, and 
 operational pressure cycle aggressiveness. 

ERW, EFW, and SAW pipe 
Figure 12 is the seam prioritization flowchart for pipeline segments containing ERW and EFW, 
pipe. Figure 13 is the seam prioritization flowchart for pipeline segments containing SAW pipe. 
A pipeline segment will be categorized as Low, Medium, or High priority for seam weld threats. 
The primary difference between considerations for ERW and FW and considerations for SAW is 
selective seam weld corrosion considerations for ERW pipe only and transit fatigue 
considerations for SAW pipe only.   

Pressure Cycle Induced Fatigue 

Pressure cycles in the operation of a pipeline result from changes in throughput.  These 
changes may result from starting or stopping one or more pumps on the system, from a pump 
station coming on or going off line, from changes in batch density or viscosity, or from closing 
or opening of valves.  In any liquid pipeline, even one with moderate or light cycles, the 
pressure cycles could eventually cause a manufacturing imperfection to grow to a size that will 
fail in service. For gas pipelines, pressure cycles are not typically significant enough to support 
fatigue growth.  However, it is possible for fatigue crack growth to occur on a gas pipeline and 
the likelihood should be analyzed.   

The threat of failure from the growth of a seam flaw by pressure-cycle-induced fatigue exists 
and needs to be addressed by means of periodic seam reassessment if: 

 A prior service failure has resulted from or is suspected to have resulted from the 
growth of a seam flaw by pressure-cycle-induced fatigue. 

 Examination of a prior pressure test seam failure or a seam anomaly detected by ILI 
revealed evidence of pressure-cycle-induced fatigue crack growth. 
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 A pressure-cycle-fatigue analysis shows that possibly remaining flaws whose sizes have 
been determined by either a pressure test or an ILI could grow to failure at the M(A)OP 
within the conceivable life of the pipeline. 

Selective Seam Weld Corrosion  

SSWC, also called grooving corrosion, is a phenomenon associated with increased susceptibility 
to corrosion in the vicinity of the ERW bondline.  This phenomenon has been observed in older-
vintage HF-ERW pipe and flash-welded pipe as well as in LF-ERW and dc-ERW pipe.  If the pipe 
is affected by corrosion-caused metal loss, the material near the bondline may corrode at a 
higher rate than that of the surrounding base metal.  The result is a groove of deeper metal 
loss typically centered on the bondline. The groove creates a crack-like condition and becomes 
enlarged in a material that has very low resistance to crack-like flaws in the presence of hoop 
stress.  It would be imprudent to assess the metal loss in the seam using typical corrosion 
assessment models that are based on the assumption that the corrosion will fail by plastic 
collapse.  The ratio of the depth of corrosion in the bondline to the depth of corrosion in the 
adjacent base metal is referred to as the “grooving” ratio.  Grooving ratios between 2 and 4 are 
commonly observed. 

The threat of failure from selective seam weld corrosion exists and needs to be addressed by 
means of periodic seam reassessment if: 

 A prior service failure has resulted from or is suspected to have resulted from selective 
seam weld corrosion. 

 Examination of a prior pressure test seam rupture or leak or of a seam anomaly 
detected by ILI reveals evidence of selective seam weld corrosion. 

Also, data gathering to determine if SSWC conditions exist should be performed if a segment is 
bare or known to have poorly functioning coating and to have been operated for periods of time 
with inadequate CP.  
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Note 1: Seam related in-service failure, leak or rupture mode. 
Note 2: M(A)OP greater than 30% SMYS applies for ductile material or the consideration is for systems operating to 
pressures that induce a hoop stress greater than 7 ksi for brittle material. 
Note 3: A basic oxygen process is where excess carbon and other impurities are burnt out of pig iron to produce 
steel. Compared to previous processes (i.e. open hearth), its main advantage was that it did not expose the steel to 
excessive nitrogen, which would cause the steel to become brittle. The process used may be determined from 
historical records on pipe manufacturers. 

Figure 12. ERW and EFW Pipe Seam Prioritization Flowchart 
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Note 1: Seam related in-service failure, leak or rupture mode. 
Note 2: M(A)OP greater than 30% SMYS applies for ductile material or the consideration is for systems operating to 
pressures that induce a hoop stress greater than 7 ksi for brittle material. 

Figure 13. SAW Pipe Seam Prioritization Flowchart 

Lap-welded Pipe 
Figure 14 is the seam prioritization flowchart for pipeline segments containing lap-welded pipe.  
A pipeline segment will be categorized as Low or High priority for seam weld threats.  The 
flowchart for lap-welded pipe is essentially the same as the one given in TTO-5.  TTO-5 
provided criteria for determining whether or not a baseline assessment was needed, but it did 
not provide a means to determine if or when a reassessment of a lap-welded segment might be 
needed.  The reason why no attempt was made to address reassessment of lap-welded pipe is 
that time-dependent degradation mechanisms are not well-defined for lap-welded pipe, making 
it difficult to establish a remaining life for a given segment.  This problem has not been 
resolved.  Instead, if the pipeline was subjected to a baseline assessment based on TTO-5, the 
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question of whether or not it requires reassessment should be based on the causes, numbers, 
and test failure pressure levels associated with failures during a baseline pressure test.   If it 
was originally determined that a baseline assessment was not needed, the same flow chart 
below can be utilized for the determination of High or Low priority.  

 

Note 1: Seam related in-service failure, leak or rupture mode. 

Figure 14. Lap-welded Pipe Seam Prioritization Flowchart 

Reevaluation Schedule Procedure 
Criteria for when it would be prudent to add a segment to a seam integrity assessment program 
include the following:   the occurrence of a seam related service failure; the occurrence of a 
pressure test failure in which a seam related defect has been found to have grown in service; 
the discovery of an injurious seam anomaly through a form of ILI not intended primarily for 
seam anomaly detection; an increase in pressure-cycle aggressiveness; or notification of a 
generic seam problem because of occurrences in other pipelines.  Examples of where it can be 
anticipated that such situations could arise include flash-welded pipe, low-frequency ERW pipe, 
early-generation HF-ERW pipe, segments that were determined to be “not susceptible” via the 
baseline assessment criteria of TTO-5 but have relatively short calculated times to failure, or 
segments for which evidence of a transportation fatigue crack problem exists. 

Criteria for when it would be acceptable to eliminate a segment from reassessment for seam 
integrity purposes include the following:  validated ILI indicates no significant seam anomalies 
exist; or a reduced operating pressure reduces the risk for fatigue growth or at least 
significantly lengthens the reassessment interval.  One finding that does not guarantee the 
absence of a seam integrity problem is the absence of service or test failures from seam related 
defects.  The absence of failures up to a certain point in time is no guarantee that failures are 
not impending at a later time. 

Inputs to the seam weld threat prioritization flowcharts and the remaining life calculations 
should be reevaluated on a regularly scheduled basis to determine if reassessment decisions 
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require updating.  Following the guidelines established in API RP 1176, the reevaluation 
schedule is established as: 

 Annually for High priority pipeline segments 
 Once every 3 years for Medium priority pipeline segments 
 Once every 5 years for Low priority pipeline segments 

In-line Inspection Verification 
Effectiveness of ILI should be measured in terms of the kinds and sizes of flaws that were 
detected and the probability that some were not detected.  ILI may not be an effective tool if 
defects fail in service or during pressure testing that were not detected by the tools.  It may be 
necessary to employ both ILI and pressure testing to verify the reliability of the ILI tools.  When 
an ILI tool is shown to be reliable from the standpoint of accurately locating and characterizing 
flaws, then the use of the ILI tool will always be preferable to pressure testing. 

API RP 1176 offers the following on using pressure testing for ILI verificationlxx: 

“When the verification of crack features by excavation results does not sufficiently 
correlate with the ILI for detection or severity, pressure testing, possibly of a segment 
or segments of a pipeline, could be required to verify the possible population of 
remaining cracks. Verification by pressure test is demonstrated when a pipeline segment 
that could not be verified by excavation successfully passes a hydrostatic test without 
any failures. If failures occur, the testing of additional segments should be considered 
depending on the failure cause (i.e., could be unrelated to cracking). In some cases, an 
operator may elect to perform a verification hydrostatic test on only a portion of a line 
section inspected by ILI. When only a portion of the line is tested this way, the test 
section should be representative of the entire segment regarding crack type, growth 
mechanism, and pipe properties. If one hydrostatic test section is used to verify multiple 
ILI runs, then the operator must ensure that the critical characteristics of each ILI run 
(such as vendor, technology, and run media) are similar so that the results are not 
affected.” 

While API RP 1176 is specific to crack threats, the same logic for ILI verification by means of 
pressure testing could be adopted for other threats, such as selective seam weld corrosion. 

If no one ILI technology is capable of detecting all possible threats, or validation of the ILI tool 
is desired, a combination of ILI and pressure testing should be considered if: 

 Operator has limited experience with the selected ILI technology and an applicable 
industry correlation data set substantiating the tool performance is not available; 
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 Only magnetic ILI tools are selected;  
 Operator is assisting with the development of new ILI technologies or seeking to 

demonstrate the reliability of an ILI technology where operator experience, history, 
cutouts or other data are not available to confirm the results; 

 When the verification results of features by excavation do not sufficiently correlate with 
the ILI report for detection or severity, pressure testing may be needed to verify the 
population of remaining features in the line.  If pressure testing is needed to assist in 
verifying the population of remaining features in the line, the entire pipeline may not 
need to be tested.  Rather, a segment or segments of the pipeline with suspected flaws 
that span the potential flaw population may be selected; 

 There is the possibility that a significant number of flaws would fail a pressure test, and 
ILI can help identify flaws for repair prior to pressure testing.  In the process of 
repairing flaws found by ILI, data should be collected in the field to estimate the size of 
flaws that were identified by ILI and any additional flaws not detected by ILI at the 
same excavation site to provide data on the size of flaws that could remain after the 
pressure test.  This information is useful to validate the ILI run and to determine 
reassessment intervals.  

Determining the order in which multiple assessment methods are applied can have an important 
impact on the post-assessment safety factor and should consider a number of factors: 

Pressure testing should be considered first when the following conditions are present: 

 The pipeline does not have a documented pressure test in accordance with Title 49 CFR 
195 Subpart E or 192 Subpart J; 

 The outcome of the ILI assessment may not be sufficient to achieve the desired safety 
factor or reassessment interval as determined by using the tool specifications, 
tolerances, and growth rates; 

 ILI cannot identify critical size flaws of the expected types; or 
 There is a need to detect cracks with ILI that survived, were potentially initiated by, or 

grew during the pressure test. 

ILI should be considered first when the following conditions are present: 

 There is a need to identify and remediate flaws that may fail during a pressure test. 
 There is a need to document the performance of a technology demonstrating all flaws 

that would fail a pressure test were identified in the ILI. 
 There is a need to demonstrate the capability of a new ILI technology or existing ILI 

technology where the sizing capability and reliability of the tool are actively being 
improved. 
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APPENDIX A –BASIC CONCEPTS OF YIELD PLOTTING 
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Basic Concepts of Yield Plotting 
For the purposes of these pressure test execution guidelines, a pressure-volume plot or 
pressure-stroke plot are synonymous with the term yield plot and are analogous to an average 
stress-strain curve for the pipeline.  When the pressure is plotted against the volume of fluid 
added after filling, the initial data plotted will form a straight line representing the "elastic" 
region of the deformation process.  AB of Figure A-1 represents the elastic region.  While in the 
elastic region, removing the pressure results in the plot returning along the same slope (or 
straight line AB) and no permanent deformation of the pipe will occur.  As the yield plot 
continues, the plotted data will begin to curve downwards away from the straight line 
extrapolation of the elastic region.  The point where the deviation from straight line 
proportionality first occurs, called the elastic limit, is identified on Figure A-1 as B and 
corresponds to the pressure at which part of the test section begin to yield (or permanently 
deform).  The curve portion BD of the plot represents the "plastic" region of the deformation 
process.  Removing the pressure while in the plastic region will result in the plot returning along 
a line DE parallel but offset from the line plotted while pressurizing in the elastic region, and 
permanent deformation will have occurred.  If a second yield plot were to be made starting with 
the same initial pressure at the start of pressurization, the line plotted during the second 
pressurization would be identical to a line plotted during the first depressurizing from within the 
plastic region and not deviate from this straight line until point D is reached (i.e., the plot would 
follow ED).   

 

Figure A-1. Yield Plot Theory Sketch 



FINAL 
18-060 

Kiefner and Associates, Inc.  September 2018 A-3 

The effect of entrapped air within a test section on a yield plot is shown in Figure A-2. The 
compression of the entrapped air during pressurizing will result in a false slope of the straight 
line extrapolation.  As the air is compressed further it will begin to behave as an incompressible 
liquid, and the slope of the plotted line will correct itself (increase) to that of the true 
pressure-volume relationship.  Although yielding will occur as in the true pressure-volume 
relation, the point of initial deviation may not be detectable on the plot, and the total deviation 
will be distorted. 

 

Figure A-2. Effect of Entrapped Air 
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APPENDIX B – EFFECT OF HOLD TIME ON PIPE INTEGRITY 
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The intent of this appendix, and the review of the potential effect of hold time on existing 
defects, is to demonstrate that hold times for the purposes of long term pipeline integrity 
should be brief. While longer hold times are useful for detecting leaks, the pressure levels used 
during such holds need not be, indeed should not be, as high as the maximum (i.e., spike 
pressure).  Lowering the pressure to a level 10% below the maximum test pressure is believed 
to avoid further defect growth while being sufficient to detect relatively small leaks.    

Benefit of Hold Time is for Leak Detection 
The need for a considerable hold time is for finding leaks on a pipeline.  Some defects may exist 
that are small enough that they will not lead to an immediate drop in hydrostatic pressure, but 
will lead to a small amount of fluid leaking through the defect that will cause a gradual drop in 
test pressure.  It is often difficult to distinguish the difference between variations in pressure 
caused by thermal fluctuations of the fluid in the pipeline from gradual loss in test pressure due 
to small leaks.  Because of the large volume of test fluid that can exist in a pipeline, it is 
advantageous to hold the pressure for a long enough period of time to achieve thermal 
equilibrium such that thermal effects no longer mask pressure loss due to small leaks.  This is 
the reasoning behind the 8-hour hold time required by federal regulations discussed previously 
in this document.   

Holding for the purpose of detecting leaks does not have to be done at the maximum test 
pressure to be effective.  However, it should be done at an applied pressure level above the 
operating pressure in order to improve the detection of leaks that are only open at high 
pressure near or above M(A)OP.  Shorter hold times are adequate where the piping is above 
ground, because small leaks such as may occur at flanged connections can be identified 
visually.   

Effect of Hold Time on Pipeline Integrity 
In order to understand the significance of hold time with respect to pipeline integrity one needs 
to understand the regions of crack growth.  Under an increasing stress level, or at a sustained 
stress level very close to the failure point, crack growth proceeds in a stable manner until the 
crack grows large enough that it becomes unstable and proceeds to failure.  These concepts are 
outlined in a 1980 report sponsored by the Pipeline Research Committee of the American Gas 
Association NG-18 committee titled: NG-18 Report No. 111, A Study of the Causes of Failures of 
Defects that Have Survived a Prior Hydrostatic Test, by Kiefner, Maxey, and Eiber.   

The vast majority of steel pipelines operate at temperatures above its material fracture initiation 
transition temperature.  At temperatures above this transition temperature steel behaves in a 
ductile manner.  Conversely, at temperatures below this transition temperature steel behaves in 
a brittle manner.  The authors of the study referenced above describe ductile behavior in terms 
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of irreversible strain or “creep-like behavior” in the presence of a crack-like defect.  In creep-like 
behavior defects exhibit physical extension at stress levels below their failure stress levels.  The 
defect extension phenomenon results when the ultimate strain capacity of the material in the 
vicinity of the defect is exhausted.  The ductile failure phenomenon is time-dependent, where 
the crack growth continues albeit slowly.  Depending on how close the applied stress is to the 
failure stress of the defect, this creep-like behavior may continue until a sudden unstable 
extension of the defect occurs or it may decrease and cease altogether as described 
schematically in Figure B-1.   

 

Figure B-1. Idealized Behavior of Part-though Flaws during Loading to Failure 

As a defect in a pipe is loaded it begins to change depth after a minimum pressure level is 
reached.  This is shown in Figure B-1 where the vertical line of the graph starts to curve to the 
right.  With further increase in pressure, the crack continues to elongate until a critical pressure 
level is reached, at which time the defect will fail.  The initial portion of the loading cycle, where 
growth is so small it is difficult to measure, essentially can be considered a region of no growth, 
and is termed the stable growth region in Figure B-1.  If the loading of the defect in this region 
were stopped and held constant, the defect would continue to grow slowly for some period of 
time and then stabilize.  However, if the defect is loaded to a higher stress level into the 
unstable growth region as shown in Figure B-1 and if the loading stops in this region, the defect 
will continue to grow until failure occurs even without a further increase in load.  The strain 
versus time pattern in these two regions is show in Figure B-2.   

The regions where stable or unstable crack growth can occur under static stress are often 
encountered during the hold time of a pressure test.  Unstable crack growth will eventually lead 
to failure if the load is held long enough, whereas stable crack growth will stop.  
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Figure B-2. Idealized Behavior of Flaws Loaded and Held in the Stable and Unstable 
Growth Regions 

To understand the effect of longer hold times, Figure B-3 shows four hypothetical cracks 
undergoing unstable growth.  Each of the four defects is slightly less severe than the first.  In a 
test to a given target test pressure all are severe enough that they will enter the unstable crack 
growth region and grow to failure at the target test pressure if the pressure is held long 
enough.  The curves represent the crack-opening displacement over time during the test for 
each crack, and failure is indicated by the curve turning upward so the crack opening becomes 
infinite.  As hypothesized here, the times to failure are about 10 minutes, 2½ hours, 5 days, 
and 1 month for Defects 1, 2, 3, and 4 respectively.  Because the presence of a flaw is 
unknown until a defect fails, nothing can be known about the status of the four defects until 
they fail.  Let us assume that crack size is related to crack opening displacement, and no matter 
when the test is terminated, its status can be judged by the crack-opening displacement at that 
time, and that smaller openings are measures of a better outcome in terms of lesser flaw 
extension.   
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Figure B-3. Four Hypothetical Defects undergoing Unstable Crack Growth during a 
Hold Test 

So considering hydrostatic test hold times of ½, 2, 8, or 24 hours and the postulated potential 
realistic cracks, which hold time is the best?  Note that the most severe defect, Defect 1, is 
going to fail in 10 minutes irrespective of which time is chosen. 

The example is hypothetical and is not meant to portray every potential outcome in every 
hydrostatic test, but it does illustrate that longer test times may not be beneficial and it is 
impossible to choose the best hold time because the pipeline operator has no way of knowing 
what defects, if any, exist or how close they are to failure if they do not fail during the test.  
Consequently, an operator cannot choose the best hold time for the purpose of demonstrating 
pipeline integrity.  The value of a particular hold time cannot be ascertained in terms 
of pipeline integrity because the consequences of holding cannot be measured.  This 
means that, for purposes of establishing pipe integrity, any specified duration of the 
maximum test pressure is arbitrary. 

Kiefner, Maxey, and Eiber summarize the significance of hold time in NG-18 Report No. 111: 

The effect of hold time at maximum test pressure is to cause defects to grow and perhaps 
cause those defects to fail that would otherwise have required higher pressures to fail in a 
straight-away pressurization.  Holding at the maximum test pressure level causes defects that 
grow substantially to fail and also causes a portion of the remaining family of defects to extend.  
Thus one of the following circumstances results from hold time: 

1. At the end of an arbitrary hold period in which no failures have occurred, a portion of 
the remaining defects have grown but no additional failures have occurred.  Thus, the 
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hold period was of no value since it has caused only the growth of defects and no 
additional failures. 

2. At the end of an arbitrary hold period in which one or more failures have occurred, the 
cycles of pressure needed to reestablish the hold following each failure have caused any 
remaining defects to grow and increases the probability of a subsequent failure.   

3. At the end of a hold period terminated by a test failure, there is just as likely to be a 
defect on the verge of failure as there would have been if the test had been terminated 
with a shorter hold time.   

Support for short spike test durations can be found in basic fracture tests data from Tiffany and 
Masters, as cited in NG-18 Report No. 111. Figure B-4(a) and Figure B-4(b) show the effect of 
sustained hold time below the point of failure in critical crack-tip stress-intensity of fracture 
specimens, normalized to the immediate-failure crack-tip stress-intensitylxxi.  The normalized 
crack-tip stress-intensity is seen to decrease with increased hold time near the failure load.  The 
time-dependent critical load dropped approximately 5% after 0.1 hr and approximately 10% 
loss after 1.0 hr.  Moreover, a 1-hour hold had as severe an effect as a hold for several hours.  
These results were interpreted to indicate an accumulation of damage at the crack tip with hold 
time, most likely in the form of tearing or crack extension, and are the basis for this report’s 
recommendation to minimize hold time ideally to not more than 0.05 hour (3 minutes).   
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  (a) 

  (b) 

Figure B-4. Effect of Hold Time on Critical Crack-Tip Stress-Intensity (from Tiffany & 
Masters) 
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APPENDIX C – ESTIMATING THE NUMBER OF FAILURES AND PRESSURE 
REVERSALS 
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Estimating the Number of Failures during Testing 

As failures begin to occur during testing it is possible to forecast the number of failures to be 
expected in conjunction with a target pressure by studying the distribution of failure pressures.  
A procedure for estimating the number of failures was presented by J.F. Kiefner, K.M. Kolovich, 
and S. Kariyawasam in, “A Study of Cases of Hydrostatic Tests Where Multiple Test Failures 
Have Occurred”.  The study demonstrated that data from the first few failures of a test can be 
extrapolated to predict the total number of failures at a given target test pressure.  Highlights 
from that study are presented below.   

If failures begin to occur before the target test pressure is attained, a spreadsheet can be 
populated with the following information: 

 test section number 
 test failure number 
 failure pressure at the deadweight location, psig 
 site failure pressure at the failure location, psig 
 site failure pressure at the failure location, %SMYS 

To estimate the ultimate number of failures, the site failure pressures should be listed in 
ascending order and numbered 1 through n for n failures up through the most recent test 
break.  The ordered list of site failure pressures of a few initial failures can be used to generate 
a plot of cumulative test failures versus failure pressure as was done for the example case 
shown in Figure C-1.   

Figure C-1 is created by plotting the number of failures from 1 to n versus the ordered site 
failure pressures.  In the example case, 23 breaks occurred in the testing of the first six test 
sections.  The data are fit with a trendline and the trendline equation and R2 ratio can be 
displayed as shown.  The R2 value coefficient indicates the goodness of the fit.  A value of 1 is a 
perfect fit so values close to 1 indicate a good fit.  The trendline function in a spreadsheet is 
likely to offer several types of curve-fits.  It is recommended that an exponential fit be used, 
but occasionally some other fit such as a linear fit may result in the best fit.  If the R2 ratio 
ranges from 0.7 to 1.0, it probably can be considered an acceptable fit.  The estimate of the 
ultimate number of failures is then carried out by extrapolation.  In the example case the site 
failure pressures were extrapolated 65 psig above the highest actual failure pressure at the time 
the extrapolation was made (23 failures in the example case).  This results in a prediction that 
somewhere near 100 failures would be expected if the test were to be continued until the test 
pressure level reached 1,265 psig.  Using the equation for the trendline given in Figure C-1, 94 
failures are predicted for a target pressure of 1,265 psig.   



FINAL 
18-060 

Kiefner and Associates, Inc.  September 2018 C-3

The 94 breaks that are predicted apply to the first six test sections.  In other words, it means 
that that 94 breaks per X miles (the total length of the first six test sections) are expected.  To 
estimate the number that should be anticipated throughout the rest of the test sections, one 
would have to know the lengths of the all sections and multiply that length by 94/X.  The test 
section lengths are not known for this case, but for illustrative purposes, assume that the 
lengths of the test sections were equal.  If such were the case, the ultimate number of breaks 
predicted would be 94 times the ratio of 16 (total number of test sections) to 6 (number of test 
sections used to predict the total number of breaks for a target pressure of 1,265 psig or 251 
breaks.  In fact only 94 test breaks occurred. 

The exponential extrapolation based on 23 failures suggests that 251 failures would have been 
expected if all 23 miles of pipe were to have been exposed to a pressure level to cause failures 
at 1,265 psig.  The estimation of the expected number of test breaks when a segment is tested 
to a given pressure level by means of the type of extrapolation shown in the Figure C-1 
trendline can be expected to provide an upper bound.  If the predicted number is unacceptably 
high, the target test pressure can be lowered resulting in either a reduced HTP/MOP ratio or a 
reduced MOP. 

 

Figure C-1. Predicting the Ultimate Number of Failures, Example Case 
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It is important to note that no test that is terminated by a rupture should be considered the 
final test.  This is the circumstance that tends to lead to a pressure reversal.  The final 
“accepted” test pressure should be one wherein the pressure is lowered gradually, i.e., a leak, 
or where the pressure is successfully held and then lowered slowly. 

Numerous test failures occurred in the example case providing a sufficient amount of data for 
analysis.  This is not always the case during a testing program, so before a decision to stop 
testing at the original target test pressure based on this method a statistically convincing 
amount of failures should occur first.  The R2 ratio should provide some indication of the 
statistical significance of the estimation.  If only two or three failures per test section occurred, 
there is probably no reason to reduce the target test pressure.   

Pressure Reversals 

A defect that fails at a pressure level lower than the highest pressure previously exposed to 
during a hydrostatic test signifies the occurrence of a pressure reversal.  Pressure reversals can 
be caused by growth during pressurization and subsequent damage to the defect during 
depressurization due to plastic strain.  The pressure reversal size (Pr) can be expressed as a 
percentage: 

t

ft
r P

PP
P

)(100 


   Equation C-1 

where 

Pt  is the highest level of pressure reached at the test site on any prior 
pressurization during the current test cycle (psig) 

Pf is the failure pressure at the test site (psig) 

If test failures begin to occur and testing is continued, the possibility of encountering pressure 
reversals arises.  If several pressure reversals occur, it may be possible to estimate the 
likelihood of a pressure reversal of a given size.  Study of actual hydrostatic test cases has 
shown that an inverse relationship exists between pressure reversal size and the probability of 
occurrence of the reversal, and the risk of a failure at the operating pressure from a pressure 
reversal is usually negligiblelxxii.   

Kiefner, et al. developed an improved method for estimating the probability of a pressure 
reversal of a given size in, “A Study of Cases of Hydrostatic Tests Where Multiple Test Failures 
Have Occurred”.  The method is summarized below. 
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If pressure reversals begin to occur before the target test pressure is attained, a spreadsheet 
can be populated with the following information: 

 test section number 
 test failure number 
 failure pressure at the deadweight location, psig 
 site failure pressure at the failure location, psig 
 site failure pressure at the failure location, %SMYS 
 pressure reversal size, psig 
 pressure reversal size, % 

The pressure reversals should be listed in ascending order by size.  Analyses of a number of 
cases show that the cumulative rankings of pressure reversals for each given test in ascending 
order tend to fit exponential distributions quite well.  This is shown for the example case 
reversals in Figure C-2. 

 

Figure C-2.  Cumulative Probability of Pressure Reversal Not Exceeding a Given Size, 
Example Case  

Any given data point in Figure C-2 represents a pressure reversal, the size of which determines 
its location on the x-axis.  The y-axis position of the given pressure reversal depends on its 
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ascending order.  The number of the reversal is then divided by n to give it a place in the 
cumulative distribution from 1 to n.  The smallest reversal is plotted as (size of Reversal 1, 1/n).  
The next largest is plotted as (size of Reversal 2, 2/n), etc. until the largest reversal is plotted 
as (size of Largest Reversal, n/n=1).  Plotted in the manner shown in Figure C-2 the points of 
the example case exhibit the characteristics of the exponential distribution defined as: 

x
ne eP  1

    Equation C-2 

where 

Pne  is the probability that the pressure reversal will not exceed size “x” 
x  is a size of pressure reversal,  Pt-Pf  (psig) 
λ  is the mean and standard deviation of the exponential distribution 
λ  is chosen to accommodate the best fit to the actual distribution of 

pressure reversal sizes 

For the example case data it was found that the data fit Equation C-2 with λ = 0.0400 psig-1 
with a “goodness-of-fit” coefficient (R2) of 0.95.  The probability of occurrence of a pressure 
reversal of a given size, Px, is: 

x
nex ePP  1   Equation C-3 

In practical terms Px is the probability that each time the pipeline is pressurized from zero to the 
target test pressure, a defect failure will occur at x psig less than the target test pressure.  In 
the example case where the target pressure was 1,181 psig and λ is 0.0400 psig-1, the 
probability of a 5% pressure reversal (x = 59 psig) is 0.094.  The inverse of this number is 
approximately 10.64.  So, each time the pipeline is pressurized from zero there is 1 chance in 
every 10 pressurization events that a seam defect will cause a failure at 1,122 psig.  Since the 
example case pipeline was actually operated at an MOP of 750 psig, a 431 psig pressure 
reversal would be required to entirely erode the margin of safety of a test to 1,181 psig.  
Equation C-3 indicates that the chance of that happening is 1 in every 30 million pressurization 
events. 
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APPENDIX D – CONTINGENCY TEST PLAN FLOW CHART EXAMPLES 
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The following examples illustrate the concept of a contingency test plan. The examples concern 
a pipeline which has been taken out of service due to a recent in-service failure.  The pipeline is 
to be hydrostatically tested to prove its integrity and to assess the line for leaks.  The liquid 
products pipeline transports crude oil 10 miles from a terminal storage facility to a nearby 
refinery.  The line was constructed in 1948 and consists of 20-inch OD, 0.312-inch WT, API 5LX 
grade X42 LF-ERW line pipe.  The MOP of the line is 943 psig (72% SMYS). 

The hydrostatic test plan calls for the line to be divided into two test segments (TS).  TS1 and 
TS2 are four miles and six miles in length, respectively.  The testing of each TS will commence 
with a spike test to 1,310 psig (100% SMYS).  The duration of the spike test will be five to 10 
minutes (long enough to reach and adequately record the achieved spike test pressure, but 
brief enough to limit potential flaw extension) after which the pressure will be reduced to 1,179 
psig (1.25 x MOP), the level required to satisfy Subpart E minimum test requirements stipulated 
by the regulations.  Pressure will be held at this level for eight hours.  Due to schedule and cost 
restraints, a total of nine failures (sum total for both test segments) is the threshold limit that 
can be tolerated before the target pressure should be lowered in an attempt to avoid further 
test failures. 

Example 1 (TS 1) and Example 2 (TS 2) below demonstrate how the proposed contingency test 
plan flow chart can be implemented to aid the operator in making test decisions in the event 
that multiple test failures and/or pressure reversals begin to occur as well as when and to what 
extent a target hydrostatic test pressure should be reduced in an attempt to avoid additional 
failures. 

Variable values are defined and/or updated for each test attempt described in Examples 1 and 
2.  The color next to the text describing each test attempt corresponds with the line color on 
the accompanying flow chart to guide the reader through the example and demonstrate how 
the flow chart is used.  The flow chart variable definitions, discussed previously, are repeated 
below for ease of reference. 

 HTP: Minimum bound hydrostatic test pressure (psig) for the conventional hold, or 
federal regulation strength test. 

 STP: Spike test pressure (psig). 
 Pf_1:  Failure pressure (psig) at the test site of the first test failure. 
 Pf_x or Pf_x-1:  Failure pressure (psig) at the test site of failures subsequent to Pf_1.  The 

subscripts “x” and “x-1” represent the failure number (e.g. if it is the third test failure 
the line has experienced then “x” = 3 and “x – 1” = 3 – 1 = 2). 

 Ptarget:  Target pressure (psig) the test plan is attempting to achieve. 
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 Pt:  Highest level of pressure (psig) reached at the test site on any prior pressurization 
during the current test cycle.  For the first test failure, Pt is equal to Pf_1. 

 Pr_1:  Pressure reversal size (%) of the first pressure reversal. 
 Pr_i:  Pressure reversal size (%).  If Pf_x is less than Pt, then this signifies the occurrence 

of a pressure reversal, and the reversal size must be calculated.  The subscript “i” 
represents the reversal number (e.g. if it is the second reversal the line has experienced 
then “i” = 2). 

 Pr_max:  Pressure reversal size (%) of the largest pressure reversal to occur on any prior 
pressurization during the current test cycle.  For the first pressure reversal, Pr_max is 
equal to Pr_1. 

 Pr_limit:  Pressure reversal maximum size limit (%).  The reversal size that would 
diminish the entire margin between the STP and the HTP.  Complete erosion of this 
margin may require the M(A)OP to be lowered. It can be calculated as, Pr_limit = 1 – 
(HTP/STP), and should be rounded down to the nearest percent. 

 Failure count:  The total number of test failures that have occurred on the test 
segment during the current test cycle. 

 Threshold:  The number of tolerable failures the test project can withstand before the 
target test pressure must be lowered due to cost restraints, schedule restraints, or both.  
This threshold can be set infinitely high if cost and schedule are not limiting factors. 

 FR:  Pressure reduction factor (%).  The percent of the target test pressure the 
contingency test pressure should be set at in an attempt to avoid additional pressure 
reversals from occurring.  This factor is calculated as shown below. 

o FR = 1 – [Average(Pr_1, Pr_2,…, Pr_x) / 100] 
 Average(Pr_1, Pr_2,…, Pr_x) = (Pr_1, Pr_2,…, Pr_x) / x 
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Example 1:  TS1 
 
 1. Begin pressuring up to target pressure, Ptarget, of 1,310 psig, but ruptures at 1,283 psig.  

Failed test. 
a. Pf_1 = 1,283 psig 
b. Pt = 1,283 psig 

  
 2. Make repairs.  Begin pressuring up to 1,310 psig, but ruptures at 1,310 psig.  Failed 

test. 
a. Pf_2 = 1,310 psig 
b. Pt = 1,283 psig 

  
 3. Make repairs.  Begin pressuring up to 1,310 psig, but ruptures at 1,284 psig (2% 

reversal).  Failed test. 
a. Pf_3 = 1,284 psig 
b. Pt = 1,310 psig 
c. Pr_1 = 100 * (Pt – Pf_3) / Pt = 100 * (1,310 – 1,284) / 1,310 = 2% 

  
 4. Make repairs.  Begin pressuring up to 1,310 psig, but ruptures at 1,271 psig (3% 

reversal).  Failed test. 
a. Pf_4 = 1,271 psig 
b. Pt = 1,310 psig 
c. Pr_2 = 100 * (Pt – Pf_4) / Pt = 100 * (1,310 – 1,271) / 1,310 = 3% 
d. Pr_max = 2% 
e. Pr_limit = 1 – (HTP / STP) = 1 – (1,179 / 1,310) = 10% 
f. Failure count = 4 
g. Threshold = 9 

  
 5. Make repairs.  Begin pressuring up to 1,310 psig, but ruptures at 1,297 psig (1% 

reversal).  Failed test. 
a. Pf_5 = 1,297 psig 
b. Pt = 1,310 psig 
c. Pr_3 = 100 * (Pt – Pf_5) / Pt = 100 * (1,310 – 1,297) / 1,310 = 1% 
d. Pr_max = 3% 

  
 6. Make repairs.  Pressure up to 1,310 psig and hold 5 to 10 minutes.  No failures.  

Successful spike phase of test. Reduce pressure to the required hold level to meet 
requirements per applicable regulations and standards. 
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Figure D-1.  Contingency Test Plan Flow Chart for Example 1 
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Example 2:  TS 2 
 
 1. Begin pressuring up to target pressure, Ptarget, of 1,310 psig, but ruptures at 1,214 psig.  

Failed test. 
a. Pf_1 = 1,214 psig 
b. Pt = 1,214 psig 

  
 2. Make repairs.  Begin pressuring up to 1,310 psig, but ruptures at 1,190 psig (2% 

reversal).  Failed test. 
a. Pf_2 = 1,190 psig 
b. Pt = 1,214 psig 
c. Pr_1 = 100 * (Pt – Pf_2) / Pt = 100 * (1,214 – 1,190) / 1,214 = 2% 

  
 3. Make repairs.  Begin pressuring up to 1,310 psig, but ruptures at 1,263 psig.  Failed 

test. 
a. Pf_3 = 1,263 psig 
b. Pt = 1,263 psig 

  
 4. Make repairs.  Begin pressuring up to 1,310 psig, but ruptures at 1,257 psig (0.5% 

reversal).  Failed test. 
a. Pf_4 = 1,257 psig 
b. Pt = 1,263 psig 
c. Pr_2 = 100 * (Pt – Pf_4) / Pt = 100 * (1,263 – 1,257) / 1,263 = 0.5% 
d. Pr_max = 2% 

  
 5. Make repairs.  Begin pressuring up to 1,310 psig, but ruptures at 1,200 psig (5% 

reversal).  Failed test. 
a. Pf_5 = 1,200 psig 
b. Pt = 1,263 psig 
c. Pr_3 = 100 * (Pt – Pf_5) / Pt = 100 * (1,263 – 1,200) / 1,263 = 5% 
d. Pr_max = 2% 
e. Pr_limit = 1 – (HTP / STP) = 1 – (1,179 / 1,310) = 10% 
f. Failure count = 10 (5 failures from TS1 + 5 failures currently from TS2) 
g. Threshold = 9 
h. Failure threshold exceeded.  Reduce Ptarget to contingency test pressure. 

i. FR = 1- [Average(Pr_1, Pr_2, Pr_3) / 100] = 1 – [2.5 / 100] = 0.975 
1. Average(Pr_1, Pr_2, Pr_3) = (2 + 0.5 + 5) / 3 = 2.5% 

ii. Reduced Ptarget = FR * Pt = 0.975 * 1,263 = 1,231 psig 

  
 6. Make repairs.  Pressure up to 1,231 psig and hold 5 to 10 minutes.  No failures.  

Successful spike phase of test. Reduce pressure to the required hold level to meet 
requirements per applicable regulations and standards. 
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Figure D-2.  Contingency Test Plan Flow Chart for Example 2 
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APPENDIX E – SAFE DISTANCE CALCULATION MODELS FOR PNEUMATIC 
TESTS 
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Short Length Pressure Tests 
One of the foremost hazards of testing with any gaseous medium is the threat of rupture 
resulting in a shock wave emanating from the rapidly decompressing pipe.  To determine the 
safe distance from a pressure vessel filled with compressed air or gas, ASME PCC-2 (2011)xliv 
Article 5.1 can be used as follows: 

The energy in pressurized gas can be expressed as: 

	 		   Equation E-1 

where 

 Pat = Pressure of Atmosphere (Pa) 
 Pa = Absolute Test Pressure (Pa) 
 k = ratio of specific heat of test fluid, 1.4 for Nitrogen or Air 
 k = 1.32 for Natural Gas 
 E = Stored Energy (J) 
 V = total volume under test pressure, m3 

 
The energy equivalency of the compressed gas to weight of TNT in an explosion can be 
expressed as: 

	
, ,

     Equation E-2 

where 

 TNT = Equivalent Energy mass of TNT (kg) 
 E  = Stored Energy (J) 

 
The Scaled Consequence factor can be found from the TNT equivalency as: 

 
′ ⁄     Equation E-3 

where 

 TNT = Equivalent Energy mass of TNT (kg) 
z’  = Scaled distance (m/kg1/3) 
z  = Actual distance (m) 
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Table E-1. Effects of Overpressure Events 

z'  z'       

m/(kg1/3)  ft/(lb1/3)  Physiological Effect  Structural Failure 

20  50  No Effect Listed  Glass Windows 

12  30  Eardrum Rupture  Concrete block panels 

6  15  Lung Damage  Brick Walls 

2  5  Fatal  No Effect Listed  

 
This calculation measures the storage of energy in a compressed gas by the ratio of specific 
heats for that gas at atmospheric and test pressures.  The compression energy to be released if 
a failure occurred can be scaled to the energy release from a quantity of explosive.  The 
ensuing effects can be used to establish appropriate separation distances to minimize 
consequential harm.   

The ASME PCC-2 equations are suitable for a vessel as the contained energy in the test would 
be rapidly released in the explosion, and can be conservatively applied to relatively short 
lengths of pipe.  The ASME PCC-2 equations are not suitable for long lengths of pipe 
pressurized with a compressible gas, because in the event of a test rupture the entire volume 
does not decompress all at once.  Table E-2 displays the cut-off distance between short and 
long length tests, with the given distances, in feet, being the maximum effective length of pipe 
contributing to the exclusion radius.   

The mitigating effects of soil cover have not been accounted for in the calculations for a 
number of reasons, among them:   

 pipeline service ruptures demonstrate that soil cover in usual depths is incapable of 
containing a high pressure rupture; 

 where significant depths of soil cover could partially mitigate the effect of a pipe failure, 
the benefit may depend on soil type and moisture content that must then be verified 
shortly before the pressure test; 

 a pipeline rupture at high pressure would likely eject material from the ground and 
create dangerous projectiles.  

ASME PCC-2 states that a minimum 100-ft exclusion radius for personnel should be used for 
test sections with a stored pressure energy of less than 1 x 108 ft-lb; for test sections with a 
stored pressure energy of between 1 x 108 ft-lb and 2 x 108 ft-lb, a minimum 200-ft exclusion 
radius should be used. 
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Long Length Pressure Tests 
When considering a long test section for pneumatic pressure testing, the ASME PCC-2 
methodology is not applicable, as the contained energy in the test section would be released 
over a longer period of time due to the fact that a long pipeline does not decompress at once.  
The use of ASME PCC-2 Article 5.1 for a long length of pipe would result in excessively 
conservative calculations for the safe radius from the test section.  An alternative approach that 
considers the effective decompression length of test pipe is described below. 

The critical or effective decompression length of piping, which is the point wherein the length of 
the test section exceeds the contributing length of compressed gas pack to influence the 
maximum blast wave intensity, determines the necessary safety radius around the test section.  
The cutoff between short and long sections of pipe is given in Table E-2 and Figure E-1.  This 
can be evaluated by comparing the internal decompression wave speed to the external shock 
wave characteristics created during the failure.  This calculation has many permutations based 
on gas composition, pipe diameter and size of discontinuity of pipe at the rupture location.  
Additionally, no specific studies to complete this calculation have been developed by industry, 
but using principles from ASME PCC-2 along with an equation for overpressure versus scaled 
distance, and decompression analyses reported in the literaturelxxiii, an approximate length can 
be ascertained dependent on the pressure of the test section and internal pipe diameter.  By 
comparing the rate at which the decompression wave inside the pipe travels with the speed of 
the external transient pressure at different length and time intervals from the rupture point and 
time, the peak quantity of decompression energy impacting the explosive radius that is deemed 
to be the threshold of harm can be found.   
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Table E-2. Cutoff Length for Short Length Inert Gas Test Safety Radius (feet)  

Nominal Diameter (in) 

  
2 & 
less 3 4 6 8 10 12 16 20 24 30 34 36 42 

P
re

ss
ur

e 
(p

si
g)

 

100 500 700 840 1,140 1,500 1,860 2,120 2,680 3,420 4,080 5,040 5,620 5,900 6,880 

200 580 900 1,140 1,620 2,120 2,700 3,220 3,940 4,980 5,940 7,280 8,260 8,720 10,080 

300 720 1,080 1,380 2,100 2,700 3,360 3,960 4,980 6,100 7,340 9,120 10,220 10,760 12,420 

400 900 1,300 1,640 2,460 3,160 3,920 4,620 5,780 7,200 8,560 10,580 11,880 12,540 14,440 

500 980 1,440 1,820 2,760 3,560 4,420 5,240 6,480 8,040 9,620 11,900 13,340 14,040 16,200 

600 1,140 1,620 2,140 3,220 4,100 5,060 6,040 7,480 9,300 11,060 13,700 15,420 16,220 18,760 

700 1,340 1,940 2,480 3,700 4,840 5,940 6,980 8,760 10,820 12,900 15,940 17,900 18,840 21,720 

800 1,540 2,260 2,920 4,200 5,480 6,720 8,000 9,960 12,340 14,660 18,100 20,300 21,420 24,700 

900 1,760 2,500 3,260 4,780 6,120 7,600 8,960 11,180 13,860 16,420 20,260 22,740 23,920 27,620 

1000 1,880 2,820 3,620 5,280 6,780 8,400 9,900 12,400 15,320 18,200 22,380 25,160 26,540 30,580 

1100 2,080 3,060 3,980 5,760 7,420 9,200 10,860 13,540 16,780 19,900 24,500 27,540 28,980 33,360 

1200 2,300 3,280 4,320 6,280 8,080 10,000 11,840 14,780 18,260 21,620 26,620 29,820 31,440 36,260 

1300 2,500 3,600 4,680 6,860 8,820 10,820 12,800 15,920 19,640 23,340 28,660 32,220 33,920 39,080 

1400 2,720 3,840 4,940 7,360 9,380 11,620 13,680 17,080 21,120 25,060 30,820 34,540 36,420 41,840 

1500 2,840 4,180 5,300 7,860 10,140 12,440 14,660 18,240 22,540 26,720 32,800 36,880 38,840 44,700 

 

 

Figure E-1. Cutoff Length for Short Length Inert Gas Test Safety Radius 
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In the paper by Burlutskiyii, it was shown that the decompression wave in the pipe travels at 
approximately 385 meters per second.  This number was calculated when considering nitrogen 
at 1,480 psig however, in the absence of data to determine the decompression wave of air in a 
pipe, this value was used for both air and nitrogen.  Additionally, factors were included to 
account for the maximum flow rate from pipe, assuming a guillotine type rupture.  
(Alternatively, this admits a longitudinal rupture with an opening at least equal to the cross-
sectional area of the pipe, or larger.)  These factors considered both the maximum initial flow 
rate as well as a flow rate decay factor as discussed by Stephenslxxiv.  Equations to determine 
the maximum flow rate are presented below: 

	     Equation E-4 

	 	



     Equation E-5 

	

	 	       Equation E-6	

where 

Cd  = 0.62 
 = specific heat ratio of gas (1.4 for nitrogen or air) 
R = 8,310 J/(kg-mol)/K 
T = 288 K 
m = Gas Molecular Weight (28 kg/mol for nitrogen gas) 

d = Pipe Diameter 
p = Pipeline Gauge Pressure 

An equation to determine the decay factor of flow rate was deduced by curve-fitting a pressure 
versus time plot given by Stephenslxxv.  The equation used was: 

		 . 	 	 .     Equation E-7 

where 

 FR = Mass flow rate fraction of initial flow-rate 
 t = time (sec) 

 
The overpressure of the air outside of the pipe was calculated using fitted equations provided 
by a study on overpressure versus scaled distancelxxvi.  The equations used for the overpressure 
calculation are:  
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	 	 . 	 	 ’ .  for z’ ≥ 1 and < 10   Equation E-8 

	 	 . 	 	 ’ .  for z’ >10 and ≤ 200   Equation E-9 

where 

Ps = Overpressure (Pa) 
z’ = Scaled distance (m/kg1/3) 

Several simplifications were made to the model to make the results more conservative for all 
but the worst case scenario.  The rupturing pipe was assumed to be exposed at ground level, 
the rupture opening area was assumed to be the full diameter of the pipeline in both directions 
and the entire gas compression energy of the effective length test section was assumed to be 
released instantaneously.  In real world scenarios, particularly buried mainline testing, this 
worst case will never be achieved.  The maximum contributing length of pipe varies based on 
diameter, test pressure and the physiological effects or property damage deemed to be 
tolerable.  ASME PCC-2 gives a table of physiological effects and property damage for various 
scaled consequence factors.  If the threshold was set to the level corresponding to no 
permanent physiological effects to humans, a scaled consequence factor of 50 ft/lb1/3 TNT 
equivalence would be used to calculate the maximum contributing length of compressed air or 
gas pack.   

Figure E-2 shows the safe distance, in feet, from the pipeline at a scaled consequence factor of 
50 ft/(lb1/3) TNT equivalence on the vertical axis when using nitrogen or air.  The other axes 
show the test pressure in psig and the nominal pipe diameter in inches.  A minimum exclusion 
radius of 25 feet is recommended for instances in which the calculated value is less.  Those 
cells are highlighted in Table E-3. 
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Table E-3. Long Length Test Exclusion Radius Matrix for Inert Gas (feet) 

Nominal Diameter (in) 

  
2 & 
less 3 4 6 8 10 12 16 20 24 30 34 36 42 

P
re

ss
ur

e 
(p

si
g)

 

100 18 26 32 46 60 74 86 108 136 162 200 224 236 274 

200 24 36 46 66 86 108 128 158 198 236 290 328 346 400 

300 30 44 56 84 108 134 158 198 244 292 362 406 428 494 

400 36 52 66 98 126 156 184 230 286 340 420 472 498 574 

500 40 58 74 110 142 176 208 258 320 382 472 530 558 644 

600 46 66 86 128 164 202 240 298 370 440 544 612 644 744 

700 54 78 100 148 192 236 278 348 430 512 632 710 748 862 

800 62 90 116 168 218 268 318 396 490 582 718 806 850 980 

900 70 100 130 190 244 302 356 444 550 652 804 902 950 1,096 

1000 76 112 144 210 270 334 394 492 608 722 888 998 1,052 1,212 

1100 84 122 158 230 296 366 432 538 666 790 972 1,092 1,150 1,324 

1200 92 132 172 250 322 398 470 586 724 858 1,056 1,184 1,248 1,438 

1300 100 144 186 272 350 430 508 632 780 926 1,138 1,278 1,346 1,550 

1400 108 154 198 292 374 462 544 678 838 994 1,222 1,370 1,444 1,660 

1500 114 166 212 312 402 494 582 724 894 1,060 1,302 1,462 1,540 1,772 

 
 

 

Figure E-2. Main Test Exclusion Radius Diagram when using Inert Gas 



FINAL 
18-060 

Kiefner and Associates, Inc.  September 2018 E-9 

While this chart and graph can be used to determine a safe distance from a pneumatic test with 
air or nitrogen for workers and the public, some workers may have need to be temporarily 
inside this exclusion zone.  As is discussed in a later section of this report, “Understanding the 
Hazard,” there are many different modes of failure that can occur.  Hydrostatic or pneumatic 
pressure testing can be routine for many veteran workers and a sense of complacency can 
occur.  By learning from previous failures and understanding the possible modes of failure, 
implementing additional procedural steps or checks could help to reduce the probability of 
failure.   

Note also that in the event that a test is performed using natural gas, the PIR should be 
calculated.  The PIR is not a “safe” distance for those outdoors.  The separation distance for 
anyone in the general public should be at least double the PIR for a test with natural gas.  The 
exclusion radii for tests conducted using natural gas are shown in Table E-4 and Figure E-3.  
The values in the table incorporate the factor of two on the calculated PIR.   

Table E-4. Minimum Exclusion Radii for the General Public during Natural Gas Tests 
(feet) 

Nominal Diameter (in) 

  
2 & 
less 3 4 6 8 10 12 16 20 24 30 34 36 42 

P
re

ss
ur

e 
(p

si
g)

 

100 33 48 62 91 119 148 176 221 276 331 414 469 497 580 

200 46 68 88 129 168 210 249 312 390 468 585 664 703 820 

300 57 84 108 158 206 257 305 382 478 574 717 813 860 1,004 

400 66 97 124 183 238 297 352 442 552 662 828 938 994 1,159 

500 73 108 139 204 266 332 393 494 617 741 926 1,049 1,111 1,296 

600 80 118 152 224 292 363 431 541 676 811 1,014 1,149 1,217 1,420 

700 87 128 164 242 315 392 466 584 730 876 1,095 1,241 1,314 1,533 

800 93 137 176 259 337 420 498 625 781 937 1,171 1,327 1,405 1,639 

900 98 145 186 274 357 445 528 662 828 994 1,242 1,408 1,490 1,739 

1000 104 153 196 289 376 469 556 698 873 1,047 1,309 1,484 1,571 1,833 

1100 109 160 206 303 395 492 584 732 915 1,098 1,373 1,556 1,648 1,922 

1200 114 167 215 317 412 514 610 765 956 1,147 1,434 1,625 1,721 2,008 

1300 118 174 224 330 429 535 634 796 995 1,194 1,493 1,692 1,791 2,090 

1400 123 181 232 342 445 555 658 826 1,033 1,239 1,549 1,756 1,859 2,169 

1500 127 187 241 354 461 575 681 855 1,069 1,283 1,603 1,817 1,924 2,245 
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Figure E-3. Main Test Exclusion Radius Diagram when using Natural Gas 

For small volume tests, the equations from ASME PCC-2 Article 5.1 can be used to determine a 
safe exclusion radius.  K-rail (portable concrete barriers) could be used to demark exclusion 
zones in urban areas where extra safety precautions are desired.  The farther away from the 
pipeline the K-rail is placed, the less protection it provides due to its low height.  However, if 
placed too close, it might fall within a crater caused by the released air or gas, and therefore 
could be ineffective or cause damage.  Therefore, to determine the best compromise of 
distance, the potential crater size was calculated using sizing equations from Gould and Tempo 
(1981)lxxvii as 

	 	 . /    Equation E-10 

where  

Va = expected apparent crater volume (ft3) 
V0 = cratering efficiency of explosive for a zero height-of-burst (ft3/ton) 
W = TNT-equivalent explosive weight (tons) 
H = height of burst of the explosive charge (ft) 

 
In urban areas, glass breakage can be a potential source of injury.  Certain types or dimensions 
of window glass could break at overpressure levels below what can cause physical harm to 
humans.  The minimum distances at which certain types of glass would have a 50% probability 
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of failure were developed by Fletcher (1981)lxxviii, reproduced here as Figure E-4.  A worst-case 
glass type should be assumed if the actual type of glass installed at a particular site is unknown. 

 

Figure E-4. Glass Pane Area versus Overpressure (from Fletcher) 
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APPENDIX F – EXAMPLE METALLURGICAL LABORATORY FAILURE 
EXAMINATION PROTOCOL 
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Introduction 
The objective of a metallurgical analysis of a line pipe failure is to assign one or more probable 
causes for the failure.  The failure analysis may identify issues that must be remediated to 
ensure the integrity of other sections of the failed line pipe as well as other pipeline segments 
with similar characteristics (i.e. pipe manufacturer, seam type, grade, other specifications, 
coating type, and environmental conditions).  This protocol specifically addresses the failure 
analysis of line pipe. 

A typical sequence of analyses is discussed in this appendix.  Engineering decisions must be 
made during any failure analysis, and the results of each step dictate the next procedure to be 
performed.  The need for other tests to be performed is a determination that should be made 
during the course of the investigation; and in some instances, additional samples of pipe from 
adjacent joints may be necessary for testing.  In this instance, the proposed test plan should be 
modified to reflect these changes.     

Background Information 
Background information will be collected on the pipeline operating history, pipeline attributes, 
pipe specifications, operating pressure, and failure pressure.  The operator should supply this 
background information to the failure investigator.  Additional background information may be 
requested from the operator as the need arises during the investigation. 

Visual and Nondestructive Examination 
1. Photographically document the pipe in the “as-received” condition before initiating the 

metallurgical analysis.  Documentation may include the following: 
a. Fracture area and surface 
b. Seams 
c. Girth welds 
d. Coating condition 
e. Anomalies 
f. Manufacturing flaws or defects 
g. Pitting and/or evidence of corrosion on internal and external pipe surfaces 

2. Perform visual examination of the internal and external pipe surfaces in the “as-
received” condition, and document any anomalies that may be present in the pipe such 
as the following: 

a. Cracks 
b. Crevices 
c. Dents 
d. Bends 
e. Buckles 
f. Gouges 
g. Manufacturing defects 
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h. Wrinkles, tents or damage to the coating 
i. Pitting and/or evidence of corrosion on internal and external pipe surfaces 
j. Presence of corrosion products and/or deposits・ 
k. Describe coating, and coating damage (disbonding) if any, in the vicinity of 

fracture origin and at other locations in the failed pipe sample 
l. Describe any internal coating or linings (if used) 
m. Examine the pipe sample surface for evidence of stress corrosion cracking  
n. Examine for evidence of arc burns, excessive grinding around the surface area 

near the crack 
o. If corrosion is evident, collect corrosion products for analysis 

3. Collect solid and liquid samples, if present, from the pipe surface, and conduct elemental 
analyses and microbial tests on these samples, as appropriate.  Examples of samples 
that may be collected are, but not limited to, the following: 

a. Liquid accumulated underneath the coating.  If not enough liquid is present for 
collection, consider using pH paper to characterize pH. 

b. Corrosion products and/or deposits from the internal and external surfaces of 
pipe surface 

c. Soil adhering to the pipe 
4. If coating is to be removed, it should be removed in a manner that will not be injurious 

to the pipe.  Photographically document and visually inspect the pipe again following 
coating removal (see 1. and 2. above for guidance).  Note any disbondment or possible 
adhesion problems with coating. 

5. It may be necessary to inspect the failed section of pipe for cracking, stress corrosion 
cracking, or any other condition that could affect the long term integrity of the pipeline 
using nondestructive testing techniques.  The surfaces of the pipe surrounding the 
rupture should be cleaned with an appropriate non-abrasive cleaner and subsequently 
inspected using a wet black-on-white, magnetic particle inspection method.  This 
magnetic particle inspection method is preferred because internal and external defects 
can be readily identified.  Other nondestructive examination techniques such as 
Fluorescent Penetrant, Radiographic, Eddy-Current, Ultrasonic Inspection, and 
Alternating Current Potential Drop may also be used.   

6. The physical location of all samples to be removed from the pipe for examination and 
metallurgical analysis should be documented such that all relevant features are visible 
(graphically and/or photographically). 

Physical Measurements 
 Measure the diameter and wall thickness on undisturbed areas of the pipe to confirm the 1.

background information provided. 
 Measure the diameter and wall thickness at selected locations to determine actual values 2.

at these selected locations.  Measure and record the diameter and wall thickness of the 
pipe at each end of each sample.  (Wall thickness should be determined based upon 
four measurements taken 90 degrees apart.) 

 Verify roundness and geometry of pipe at the extremities and closer to the failed 3.
surface. 

 Measure the wall thickness around fracture surfaces and any damaged areas.  If 4.
corrosion is identified near or around the fracture surfaces, a “corrosion map” should be 
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produced detailing the extent of the corrosion on the pipe surfaces and the pipe wall 
thicknesses in those areas.  This information may be needed to support remaining 
strength calculations, if required. 

 Align the pipe samples to conform to the pre-fracture bend geometry. 5.
 Determine and mark the location of the longitudinal seam weld, if present and visible, at 6.

each end of each sample. 
 Determine whether or not any part of each rupture falls within the longitudinal seam 7.

weld zone, if a seam weld is present and visible. 
 Measure and record the length of each sample.   8.
 Record any markings detected on the inside or outside surfaces of the pipes. 9.
 Measure rupture lengths tip-to-tip.  (Not applicable for transverse fractures that sever 10.
the pipeline.) 
 Measure the shortest circumferential distance from each fracture origin to the nearest 11.
longitudinal seam weld. 
 Measure the axial distance from each fracture origin to the nearest girth weld, if any. 12.
 Map wall thickness of each sample within 12 inches upstream and downstream of each 13.
rupture origin.  Measurements will be taken on a 2-inch square grid pattern that is 
centered on the fracture origin and that encompasses 100 percent of the pipe 
circumference at each origin. 
 Determine depths of cracks using direct exploration (grinding), shear wave ultrasonic 14.
testing (UT), Alternating Current Potential Drop (ACPD) or other suitable methods. 

Attachment 2 provides a worksheet for documenting physical measurements. 

Corrosion Examination 
Surface deposits and residues associated with the fracture area and adjacent areas should be 
collected and analyzed to characterize and determine the origin of the deposits.  Attachment 2 
provides a worksheet for documenting chemical analysis results of corrosion products. 

Based on the results of the visual, nondestructive, and metallographic examinations, the 
presence of corrosion should be documented, and the type and characteristics of any corrosion 
present should be evaluated.  Remaining strength calculations (such as RSTRENG/ASME B31G) 
may be performed on corroded areas to support the failure investigation.   

If an ILI tool has inspected the failure site in the past, investigation of the ILI log and report 
can provide information relevant to corrosion growth rate.  The operator may not have this 
information immediately available, but it may be desirable to do this research.  In the case of 
finding the anomaly present in the past ILI report, it is important to understand the operator’s 
excavation criteria in effect at the time of the ILI and the application of RSTRENG calculations 
and anomaly interaction criteria. 
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Fractographic Examination 
 Visually examine the fracture surfaces in detail to identify the characteristics of the 1.

fracture, the nature of the original defect, and the failure initiation point(s).  It may 
become necessary to open the fracture surface in order to conduct part of the 
examination, and a suitable technique that is dependent upon the particular 
circumstances of the failure should be used to open the fracture surface. 

 Clean samples in an appropriate manner (Alconox® solution) to remove loose rust, 2.
scale, etc. as necessary. 

 Utilize a suitable method to thoroughly document the fracture surface including 3.
dimensional documentation.  Suitable methods to document the fracture surface include, 
but are not limited to, the following: 

a. Foil method 
b. Photographs of macroscopic examination 

 Remove selected fractographic samples as necessary for detailed microscopic 4.
examination using an optical or scanning electron microscope.  Examine and document 
the fracture surface morphology.  When chevron marks are present on the fracture 
surface, they typically point back towards the fracture origin in steels with an ultimate 
tensile strength of 60,000 psi and less.  It is important to be able to characterize the 
fracture surface morphology, and fractures can be classified into four groups on a 
macroscopic scale, as follows: 

a. Ductile fractures 
b. Brittle fractures 
c. Fatigue fractures 
d. Fractures resulting from combined effects of stress and environment 
e. Under low magnification under transmitted light microscopy (TLM), observe if 

there is evidence of fatigue, and ridges to indicate application of high pressure, 
such as due to hydrostatic testing. 

Metallographic Examination 
 Identify metallographic sample origin (sample identification, location, orientation, etc.), 1.

perform metallographic evaluation, and take representative photomicrographs.  Areas of 
particular concern are: 

a. At or near the fracture origin  
b. Fracture surfaces 
c. Weld seams 
d. Anomalies 
e. Areas with indications of defects or cracks identified through visual and/or 

nondestructive testing 
f. Areas exhibiting “typical” microstructures of the base metal, weld metal, and HAZ 

 Perform micro-hardness profiles at appropriate locations such as the following: 2.
a. At or near the fracture origin 
b. Weld seams 

 Metallographic samples should be examined to characterize and validate any appropriate 3.
issues specific to the failure such as: 

a. Pipe specification, grade, and heat treatment 
b. Weld seam in area of fracture 
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c. Weld seam in un-affected area 
d. Corrosion 
e. Indications of outside force damage 

Mechanical Properties 
Testing should be performed to determine the mechanical properties of the pipe and any 
appurtenances.  Mechanical properties of test specimens should not be taken from areas of the 
pipe that have been plastically deformed as a result of the failure.  These mechanical tests 
should at least include the following: 

 Tensile testing 
 CVN testing 
 Chemical analysis 

Attachment 2 provides a worksheet for documenting mechanical tests performed and a 
worksheet for documenting the chemical analysis tests performed on the pipe steel. 

Tensile Testing 
Tensile test specimens should be prepared and tested in accordance with ASTM A370 
(Mechanical Testing of Steel Products) for the pipe base metal and weld seams to measure yield 
strength, ultimate tensile strength, and elongation.  The pipe base metal should, at a minimum 
be tested in the transverse direction, and weld seam specimens should be taken across the 
weld seam. 

Charpy V-notch Impact Testing 
When CVN Impact Testing is determined to be necessary, the CVN specimens should be 
prepared and tested in accordance with ASTM E23 (Notched Bar Impact Testing of Metallic 
Materials) to determine the toughness characteristics of the pipe in the L-T (transverse) 
direction.  In some cases (depending on pipe size and wall thickness) it may be necessary to 
use sub-size CVN specimens, and these results should be corrected back to full sized specimen 
values.  Results from CVN testing may be reported in some or all of the following forms 
depending on the testing results: 

 Upper-Shelf Energy (in ft-lbs) 
 Lower-Shelf Energy (in ft-lbs) 
 Ductile-to-Brittle Transition Temperature (in °F) determined from graphical 

representation of testing results at the midpoint of the best-fit curve 
 Test Temperature corresponding to 15 ft-lbs of absorbed impact energy 
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 Fracture Appearance Transition Temperature (in °F) corresponding to 50% and 80% 
shear  

 Lateral expansion (to measure notch toughness) 

In some steels it may be difficult to measure percent shear because of “woody” fracture 
surfaces.  In these cases it would be more appropriate to use lateral expansion and absorbed 
energy measurements to obtain a more accurate transition temperature.   

Chemical Analysis 
The chemical composition of the pipe material should be determined using an appropriate 
method to validate the pipe specification and grade, as well as, to determine its carbon 
equivalent (for weldability issues).  Spectrochemical methods (i.e. optical emission) are usually 
employed to determine steel chemical compositions.  Wet chemical methods may also be used. 

Energy dispersive spectroscopy (EDS) and either x-ray diffraction (XRD) or x-ray photoelectron 
spectroscopy (XPS) analyses may be used to determine elements and compounds present in 
surface deposits that were collected during the visual examination. 
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Attachment 1 – Evidence Custody Transfer Control Procedures 
PURPOSE:  
To provide guidance for preserving and controlling evidence. 
 
SECTIONS:  

 Gathering Documentation  1.
 Controlling Evidence  2.

SECTION 1 - Gathering Documentation  
 Note: When the investigator obtains documents from companies or private entities, he 1.

or she should request that the company or private entity mark all information that it 
believes contains trade secrets or confidential business information (CBI).   

 Obtain documentation requests from the investigators.  2.
 Transmit the request.  3.
 Assign an easily comprehensible tracking number to the documentation request.   4.
 Record documentation requested in the Evidence Collection List.  5.
 If the documentation is not received by the time indicated on the request form, consult 6.

with the requesting investigator to determine whether he or she still needs the 
document.  

 If the investigator still needs the documentation, consult with PHMSA to determine what 7.
will be needed to obtain it (e.g. a subpoena).   

 Once the documentation is received and logged, give it to the requesting investigator.  8.
 A procedure should be included to obtain names and contact information of all witnesses 9.

directly related to the incident.  

SECTION 2 - Controlling Evidence  
 Assign an information type code to the evidence or document and apply it to the 1.

evidence. Coordinate with tracking number.  
 Obtain the evidence and any additional information or notes regarding the evidence 2.

from the investigator.  
 Date stamp the evidence.  3.
 Generate an Evidence Control Form and complete an Evidence Control Form entry for 4.

the information or evidence.  
 Attach the Evidence Control Form to the physical evidence/notes, if available.  5.
 Complete a Master Evidence Log entry for the new evidence.  6.
 File the Evidence Control Form according to the information type code and securely 7.

store it.  
 Lock the room and/or file cabinet in which controlled information or evidence is stored 8.

when you are not physically present.  
 Ensure that computer-based information or evidence is password-protected.  9.
 Sign-out evidence into/from the locked storage area.  10.
 Maintain the evidence in your immediate possession at all times when it is removed from 11.
the locked storage area.  
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Evidence Tag Example 
Evidence and Custody Transfer Tag 

Incident Type:  
Tracking No.:  
Date Collected:  
Collected By:  
Location:  
Operator:  
System:  
 
Disposition:  
Where the evidence is to 
be taken and by whom 
(e.g.; origin; destination; 
shipper). 
As evidence custody is 
transferred, each receiver 
shall sign form and 
identify their agency. 

Received From: 
Received By: 
Date:                                        Time: 
 
Received From: 
Received By: 
Date:                                        Time: 
 

 
Item  Description and 
Notes 
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Evidence Collection List Example 
Priority Description Information 

Type Code 
Owner Requested? 

     
     
     
     
     
     
     
     

Notes and Comments 
 
 
 
 
 
 
 
 
 
 

Evidence Control Form Example  
Evidence Identification 

Tracking 
Number 

Date 
Received 

Item Description Storage 
Location 

     
     
     

Action Log 
Date Action    

(e.g. checked 
out, returned, 
shipped) 

Person/Organization Current Location Notes 

     
     
     
     
     
     
     
 



FINAL 
18-060 

Kiefner and Associates, Inc.  September 2018 F-11 

Master Evidence Log 
PHMSA  
Tracking 

# 

Supplying 
Organization’s 

Tracking # 

Date 
Received

Item Description Received 
by: 

Received 
From: 

Notes: 
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Attachment 2 – Metallurgical Testing Worksheets 
PURPOSE:  
To provide sample worksheets for documenting testing that is performed in support of the 
metallurgical analysis.  
 
SECTIONS:  

 Mechanical Testing worksheet 1.
 Fracture Sketch and Physical Measurements worksheet 2.
 Chemical Analysis worksheet 3.
 Metallographic Specimens and Photograph worksheet 4.
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SECTION 1 – Mechanical Testing Worksheet 
 

Test Locations: 
(e.g.; specific segment of 
pipe; location; comments) 

 
 
 

 

Table 1  
Transverse Pipe Body Tensile Test Results 

Test Location Yield Strength (PSI) Tensile Strength (PSI) % Elongation 
in 2” 

    
    

 

Table 2  
Transverse Weld Tensile Test Results 

Test Location Tensile Strength (PSI) % Elongation in 2” Fracture Location 
    
    

 

Table 3 
Transverse Pipe Body Charpy Tests 
Specimen Size - ____ mm x 10 mm 

Test 
Temperature  

(° F) 

Absorbed 
Energy  
(ft-lbs) 

Absorbed Energy 
adjusted to normal size 

Specimen (ft-lbs) 

Lateral Expansion 
(mils) 

% Shear 

     
     
     
     
     
     

 

Table 4 
Transverse Weld & HAZ Charpy Tests 
Specimen Size - ____ mm x 10 mm 

Test 
Temperature  

(° F) 

Absorbed 
Energy  
(ft-lbs) 

Absorbed Energy 
adjusted to normal size 

Specimen (ft-lbs) 

Lateral Expansion 
(mils) 

% Shear 
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SECTION 2 – Fracture Sketch and Measurements Worksheet 

 
 
Notes: 
__________________________________________________________________ 
 
__________________________________________________________________ 
 
__________________________________________________________________ 
 
Longitudinal Length (in):  
Max. Opening Width (in):  
Long Seam Position (O’clock):  

 
OD at Pipe End (0º-180º):   
OD at Pipe End (90º-270º):   
 

Wall Thickness Survey at Pipe Ends 
Circumferential Position Upstream End Downstream End 

12:00   
1:00   
2:00   
3:00   
4:00   
5:00   
6:00   
7:00   
8:00   
9:00   
10:00   
11:00   

  

  

Flow
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SECTION 3 – Chemical Analysis Worksheet 
 
Test Locations: 
(e.g.; specific segment of 
pipe; location; comments) 

 
 
 

 

Table 1 
Chemical Analysis 

Element Weight Percent Element Weight Percent 
Carbon (C)  Molybdenum (Mo)  
Manganese (Mn)  Columbium (Cb)  
Phosphorus (P)  Vanadium (V)  
Sulfur (S)  Titanium (Ti)  
Silicon (Si)  Cobalt (Co)  
Aluminum (Al)  Tin (Sn)  
Copper (Cu)  Boron (B)  
Nickel (Ni)  Calcium (Ca)  
Chromium (Cr)    
 

 
Table 2 

Chemical Analysis of Corrosion Products present at Failure Site 
Location Significant Constituents  Comments and Findings 

   
   
   
   

 
Table 3 

Chemical Analysis of Liquids or other Materials of interest present at Failure Site 
Location Significant Constituents  Comments and Findings 

   
   
   
   

 
Remarks: 
 
__________________________________________________________________ 
 
__________________________________________________________________ 
 
__________________________________________________________________ 
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SECTION 4 – Metallographic Specimens and Photograph Worksheet 
 

Metallographic Specimen worksheet 
Sample 

# 
Location Description 

 
 

  

 
 

  

 
 

  

 
 

  

 
 

  

 
 

  

 
 

  

 
 

  

 
 
 

Metallographic Sections and Photograph worksheet 
Photo# Sample 

# 
Mag Etchant Description 
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APPENDIX G – PRESSURE CYCLE AGGRESSIVENESS 
DETERMINATION EXAMPLE 
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Pressure Cycle Aggressiveness Determination Example 
Consider a pipeline that operates annually with pressure cycles represented by Figure G-1. 

 

Figure G-1.  365 Days of Operating Pressure 

The 100% SMYS value for this example pipe segment is 1,480 psi.  The MOP is 72% SMYS, or 
1,065 psig.  The number of cycles in a given pressure range (or bin) are converted to an 
equivalent 72% SMYS cycle count using Equation G-1.   

 3

 










eq

i
i P

Pn  Equation G-1

where 

ni  is the number of cycles occurring within the stress range 
Pi  is the highest level of pressure within the stress range (psi) 
Peq           is the pressure value equal to 72% SMYS (psi) 
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The pressure cycle counted data in bins of 5% SMYS are provided in Table G-1 below.  The sum 
total equivalent 72% SMYS cycle count for the data set is 35.  When comparing 35 equivalent 
72% SMYS cycles to those listed for each benchmark category given in Table G-2, the 
aggressiveness result is Moderate.  This is because the mid-point between Light and Moderate 
is 28 and 35 is less than 40 but greater than 28. 

Table G-1. Annual Cycle Count for Example Pipeline Operation 

Pressure Cycle Size (bin) Count 

Equivalent 
72% 
SMYS 
Cycle 
Count 

70 - 72% SMYS 1,065 psig 0 0 
65 - 70% SMYS 1,036 psig 4 4 
60 - 65% SMYS 962 psig 5 3 
55 - 60% SMYS 888 psig 8 4 
50 - 55% SMYS 814 psig 10 4 
45 - 50% SMYS 740 psig 21 7 
40 - 45% SMYS 666 psig 23 6 
35 - 40% SMYS 592 psig 14 2 
30 - 35% SMYS 518 psig 7 1 
25 - 30% SMYS 444 psig 10 1 
20 - 25% SMYS 370 psig 11 0 
15 - 20% SMYS 296 psig 21 0 
10 - 15% SMYS 222 psig 69 1 
5 - 10% SMYS 148 psig 238 1 
25 psi - 5% SMYS 74 psig 674 0 
0  - 25 psig 25 psig 1,866 0 
Total Equivalent 72% Cycles   35 

 

Table G-2. Annual Benchmark Cycle Counts 

Pressure Cycle Size Very 
Aggressive Aggressive Moderate Light 

66 - 72% SMYS 20 4 1 0 
56 - 65% SMYS 40 8 2 0 
46 - 55% SMYS 100 25 10 0 
36 - 45% SMYS 500 125 50 25 
26 - 35% SMYS 1000 250 100 50 
25 psi - 25% SMYS 2000 500 200 100 
0  - 25 psi 0 0 0 0 
Total Equivalent 72% Cycles 415 101 40 16 
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