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Disclaimer

This Pipeline Risk Analysis Protocol has been prepared only as recommended guidance for use by California local educational agencies (LEAs) and the California Department of Education (CDE) in the preparation and review, respectively, of risk studies conducted for proposed school sites and projects.  It is intended to provide a consistent, professional basis for determining if a pipeline poses a safety hazard as required in the California Code of Regulations (CCR) Title 5 section 14010(h) - Standards for School Site Selection.  Its sole purpose is to help LEAs reasonably document the estimated safety risk in context of those regulations, which will then be reviewed by CDE if the LEA is seeking approval of the school project.

Use of this Protocol is advisory only and utilization or compliance with its specific risk criteria or methods is not directly required by regulation or code.  Deviations or other methods adequately demonstrating pipeline safety in compliance with the regulations may be also utilized and be subjected to outside expert review as determined necessary by CDE. 

URS’ interpretations and conclusions regarding this information and presented in this report are based on the expertise and experience of URS in conducting similar assessments and current local, state and Federal regulations and standards.  In performing the assessment, URS has relied upon representations and information furnished by individuals or technical publications noted in the report with respect to pipeline operations and the technical aspects of the accidental releases of hazardous materials from pipelines.  Accordingly, URS accepts no responsibility for any deficiency, misstatements, or inaccuracy contained in this report because of misstatements, omissions, misrepresentations, or fraudulent information provided by these individual or technical literature sources.

URS’ objective has been to perform our work with care, exercising the customary thoroughness and competence of environmental and engineering consulting professionals, in accordance with the standard for professional services for a national consulting firm at the time these services are provided.  It is important to recognize that a pipeline risk analysis does not predict future events, only an estimate of the chances that specified events might occur, within the scope of the study parameters.  Events might occur that were not foreseen in the scope of this report.  Therefore, URS cannot act as insurers and cannot “certify or underwrite” that a rupture or failure of the pipeline will not occur and no expressed or implied representation or warranty is included or intended in this report except that the work was performed within the limits prescribed with the customary thoroughness and competence of our profession.

While this document replaces its May 2002 and December 2005 Draft versions, additional modifications may be made from time to time and users should contact CDE/SFPD to ensure the latest version is being utilized. 
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1.0
Introduction 

This Volume 2 of the Protocol complements the Volume 1 - User’s Guide for conducting pipeline risk analyses to fulfill CDE’s requirements for the development of new school campuses or capital modifications to existing sites.  Volume 2 provides additional information on the background of the Protocol and elaborates on various topics and issues associated with the methods and data introduced in Volume 1.   It clarifies the Protocol’s purpose, use, and limitations.  The overriding principle that must be understood clearly is that the Protocol offers a standard methodology to facilitate risk estimation, based on certain bounded premises and assumptions, common to the art of risk analysis. The Protocol’s specific and only purpose is to providing CDE with an additional decision tool for evaluating the reasonableness of a Local Educational Agency’s (LEA) risk analysis regarding pipeline safety near school campus sites, in the context of meeting Title 5 school siting criteria.  The LEA has the responsibility of ensuring the safety of the campus sites it selects within the constraints of the options available to it.   Thus, as LEAs consider potential school sites that are near pipelines, the Protocol provides a reasonable means of determining that the safety risk meets the CDE criterion. 
1.1 Background

In 2001, CDE began a process to better define its expectations for LEAs in complying with a new regulation that required a risk analysis for school sites located near high-pressure pipelines.  CDE defined high-pressure pipelines as those operating at or above 80 psig.  “Near” was defined as a site having a property boundary at or within 1,500 feet of a high-pressure pipeline.  CDE began a process to develop a standardized Pipeline Risk Analysis Protocol to assist the state’s LEAs in fulfilling the regulatory requirements for pipeline risk analyses.  Although the regulation charged CDE with reviewing proposed school campus development projects in light of a pipeline risk analysis, the regulation provided no guidance as to content or level of detail.  Early submissions of risk analyses were often qualitative.  For example, an extreme case is a submission of the type that would conclude that the risk was very low because “pipeline failures are rare events,” with little technical documentation to support the assertion.  The submission would then cite the various types of codes and standards by which systems were built and operated and design features that would reduce the potential for failure.  While the conclusion of such a study might be valid for a particular case, it provided CDE with no assurance that an adequate analysis had been done. 

In the development of a Protocol, CDE initially considered a qualitative checklist type of analysis that would define the minimum factors that needed to be considered with the goal of developing some type of numerical index for ranking a campus site for risk.  After seeing a quantitative approach presented by one of the LEAs, that presented risk in terms of an absolute probability number, CDE decided to pursue that type of analysis.  That type is used in the process and transportation industries, and is common in some European countries industrial facility siting studies.  CDE decided that it would provide a good approach to meet the needs of the California LEAs.  One advantage was that a numerical probability value would allow some sense of the risk relative to other risks faced every day, like riding in a car or being exposed to other normal hazards of living.  Thus, the current approach of a quantitative probabilistic risk estimate was launched.   This approach was used in the initial proposed draft Protocol, which was offered to LEAs in May 2002 for guidance and for feedback on its utility.  In July of that year CDE convened a meeting to review the proposed Protocol with the Local Education Agencies (LEAs) and other stakeholders.  In 2004, CDE initiated activities to finalize the Protocol with input from various stakeholders.  After several years of preliminary use, and after considering review comments on the approach, CDE initiated changes to the initial version of the Protocol to produce a final draft.  The result was another draft Protocol in September 2005 and a revision to that in December 2005.  The current version is the culmination of ongoing efforts to produce a final Protocol.  

During the interim period between the initial 2002 draft Protocol and now, LEAs have approached risk analysis in one of three ways:

· Use of the draft Protocol(s);

· Use of a variety of similar types of analyses; and
· Development of their own standard protocols.
The introduction of the Protocol advanced the art by using a quantitative, probabilistic approach that had been used in studies in other venues.  This approach was supported by other studies that were being done for pipelines.  Various LEAs and their contractors presented risk analyses to CDE that also used the latter approach. The intent of CDE revisions to the Protocol was to capture this consensus on a statistically based quantitative approach as the best method, in spite of limitations and uncertainties in available data to support it.

The purpose of the Protocol is to provide guidance for a standard method by which LEAs could comply with regulatory requirements to conduct a Title 5 risk analysis when seeking CDE approval for new school construction, including modifications on existing school campus sites.  The Protocol is intended to guide LEAs in developing a numerical estimate of risk for comparison with a suggested risk criterion for CDE decision making.  The Protocol also provides CDE with a basis for evaluating the risk for campus sites on a consistent basis, and for evaluating how carefully risk considerations were incorporated into the site development planning process by a LEA for a new or modified school campus.

The present documents reflect CDE’s attempts to capture the essential concerns and suggestions of a variety of stakeholders in the product, while providing what CDE believes to be a reasonable tool to aid in risk-based decisions concerning the suitability of a school site for proposed new construction and modification. 
1.2 
Protocol Design Premises/Basis


The Protocol has been specifically designed according to criteria established by CDE with input from various stakeholders.  Some of the major criteria for the Protocol are discussed below.   The Protocol was to provide:
Utility for the intended purpose (provide a tool solely for policy decisions) -The overriding purpose of the Protocol was to guide the development of risk estimates sufficient for CDE policy decisions and no other purpose.  The risk estimates were to be suitable to guide final decisions about campus site acceptability but not be the sole determinant of such acceptability. 

This limitation recognizes that risk estimates can imply, but cannot prove, that a subject pipeline segment poses no safety risk to a campus site. 


A simple yet reasonable estimate of risk - The Protocol was to be easy to use by competent professionals.  Results were to be reasonable and not significantly over or underestimate the risk within the bounds of inherent uncertainties in risk analysis methods.  One of the criticisms of the July 2002 draft version of the Protocol was that the estimates yielded risk values that were overly conservative.  The current version makes use of refined the probability estimates and uses an updated public domain model for estimating the consequences of accidental product releases. 

A reasonable estimate should be consistent with the recognition that regulatory agencies charged with pipeline safety already have accepted existing pipelines as fundamentally safe if they are allowed to operate.  The agencies have the authority to shut down a pipeline that is deemed a threat to public safety until appropriate mitigation measures are taken to reduce risk.  By definition, a system in compliance with regulatory requirements that is allowed to operate is implied to be safe, if it complies with those regulations.  The regulations require prevention and mitigation measures such as patrolling, inspections, and testing at regular time intervals.  Special requirements apply to defined “High Consequence Areas” (HCAs), which include schools.  Pipeline regulators periodically inspect or audit individual operator pipeline regulatory compliance and require corrective actions when deficiencies are found.

It is notable that those regulations do not specify siting or operational buffers for pipelines near schools.  They do require that the operator adhere to stricter operating and maintenance requirements through formal Integrity Management Plan (IMP) provisions of the pipeline safety regulations for pipelines in an HCA zone or that could affect an HCA.  Because of these regulations, which have been in effect since 2000 for hazardous liquid pipelines and 2002 for gas pipelines, it is reasonable to expect that there will be a decrease in pipeline failures in the future.  This means that the data used in the Protocol for estimating failure probabilities, as discussed in Section 4 of this Volume, could on average overestimate pipeline failure likelihood in the future.  The data cut-off was 2000 for the preceding period of over 15 years, in which it appears that there was a declining event trend.  The promulgation of pipeline integrity management regulations, beginning in 2000, was expected to contribute further to lower event rates in the future. 
The requirements to which CDE and the LEAs must adhere represent a redundant additional safeguard designed to further evaluate whether campus sites pose an unreasonable hazard.  The CDE requirement is an additional layer of protection in the sense that it requires LEAs to alter their plans if a specific risk criterion cannot be met at their campus site.  There are no regulations that restrict the siting or operation of a pipeline within the specified distance of a school operating at 80 psig or higher.  By definition, operating pipelines are considered safe by the designated responsible authorities since the authorities can shut down any line or system deemed unsafe.  
Reasonableness also recognizes that many existing campus sites not slated for new development might have situations similar to those for which an analysis is required.  A risk analysis would not be expected to show that new development on an existing site posed a substantially higher risk than was already tolerated for that site. 

Standard and consistent data and methodology for estimating risk – The method should allow consistent estimates to be made in similar situations by different analysts.  The Protocol is intended to provide a standard set of input data and computations, which combined with site specific data yields the appropriate risk estimate.  

There are numerous precedents in regulatory practice for standardization of risk analysis methodology and decision criteria.  The Federal Emergency Management Agency (FEMA), U.S. Environmental Protection Agency (EPA), and U.S. Department of Transportation (DOT) document for hazard analysis (FEMA 1989), also cited in Volume 1, is one example of a standard method presented for use in emergency response planning for setting priorities based on risk estimate using probabilities of events from historical data.  The standard EPA OCAG methodology for accidental release consequence modeling (though not full risk analysis) in the context of the Accidental Release Prevention Program and Risk Management Plan (RMP) requirements is another example (EPA 1999).  Guidance from these documents on consequence analysis was combined with risk analysis guidance provided in publications of the American Institute of Chemical Engineers (AIChE), Center for Chemical Process Safety (CCPS) for risk analysis of accidental releases, and various articles on the subject appearing in the technical literature.  

Data and information sources that were authoritative, “transparent”, and publicly accessible – There is a vast technical literature on process and industrial asset risk analysis.  To meet the objectives of consistency in the risk analyses CDE had to set some limits.  A hierarchy of information sources was established in the following order of decreasing preference: government agencies, industry organizations, universities, private companies, and individuals.  Previous government methods, models and data were to take precedence over individual preferences.  The basis for calculations was to be “transparent”, at least by reference to a source that had necessary details, if all the details were not included in the Protocol document.  

1.3
Protocol Basis Scenarios
The Protocol defines the scenarios upon which the Protocol risk analysis is based and standard methods for estimating the risk associated with these scenarios.  This concept of scenario definition for establishing boundaries for regulatory compliance technical analyses has been well established elsewhere. For example, it follows the use of simplified criteria based on a specific fire model for establishing the distance ranges for high consequence areas in integrity management regulations for natural gas pipelines.  The U.S. EPA RMP regulation and its associated OCAG, cited as a reference for this Protocol, is another example, where there is a requirement for analyses based on defined conditions.  All of these practices define specific boundaries for evaluation of numerical values and make no attempt to cover all possible scenarios.  To emphasize this principle, the Protocol adopted the term “Protocol Basis Scenario” and applied this same concept.

The Protocol Basis Scenarios are defined based on historical experience of what constitute the most common types of scenarios that have occurred for accidental product releases from pipeline failures.  These include un-ignited dispersion of gas and vapors, jet and pool fires, flash fires, and explosions, in that order of occurrence.  For ignited releases, jet and pool fires dominate the risk.  The term “scenario” is a combination of specific values of variables that define a given pipeline release event.  Some of the factors that define a scenario include the following: 

· Product

· Pipeline characteristics 

· Pipeline failure and release frequencies

· Various conditional probabilities associated with a release

· Size and orientation of a release

· Meteorological conditions for a release

· Type of release and impacts

· Dispersion characteristics

· Ignition events and characteristics 

· Pipeline location 

· Receptor location

· Exposure potential 

The number of potential variable combinations results in innumerable potential and specific scenarios, the occurrence of which is not predictable, only subject to a probabilistic estimate for the chance of occurrence. Clearly all possible scenarios can not be anticipated or included in a given risk assessment.  A basis for reasonably estimating risk, while limiting the number of scenarios covered is essential.  

In the field of risk analysis, it is accepted practice to define specific scenarios for which risk is evaluated as the basis for decision tools for policy purposes.  The precedent of this type of analysis is embedded in hazardous material siting regulations in Europe, Santa Barbara, California, and elsewhere. 

Protocol Basis Scenarios address the following types of releases:

For natural gas pipeline releases:

· flash fires;

· jet fires; and 

· unconfined gas cloud explosions. 


For petroleum liquid pipeline releases:

· flash fires;

· pool fires; and 

· unconfined vapor cloud explosions.

Given these types of releases, the Protocol defines default values of the various parameters by which the probabilities and impacts of such releases can be estimated to yield a risk estimate to an individual exposed to the consequences under defined conditions.  The Protocol Basis Scenario risk value is the parameter that is compared to a CDE-suggested Individual Risk Criterion that was introduced in Volume 1.

1.4
Organization of Volume 2

The remainder of Volume 2 contains the following major sections: 

· Section 2 – Basic Concepts of Pipeline Risk Analysis;

· Section 3 – Consequence Modeling;

· Section 4 – Pipeline Failure and Product Accidental Release Rate Data;

· Section 5 – Special Seismic Considerations; and

· Section 6 – References.
2.0
Basic Concepts of Pipeline Risk Analysis

To properly use the equations and data of Volume 1, or to apply alternative algorithms while still meeting basic requirements for overall consistency, an understanding of the basic principles of pipeline risk analysis is necessary.  These principles, briefly introduced in Volume 1, are further explained here. 

The most fundamental concept of risk analysis is the definition of risk itself.  For probabilistic quantitative risk analysis, likelihood is expressed as a numerical probability that a threatening product release will occur within a specified time frame.  Typically in process and transportation related risk analyses this time frame is taken as one year.  The one-year measure is applied in the Protocol.  The probability is the chance that a product release will occur in a selected length of pipeline in any given year.  It is assumed to remain constant within the period of interest. 

The consequences of a product release that can be a threat to persons at the school campus site is expressed in terms of estimated adverse physical impacts associated with the specific hazards of the product released and the probability of a fatality to an individual exposed to the hazardous impacts of the release at a specified location, in a given year.  

The risk value is estimated as the probability of a fatality to such an individual from the designated pipeline releases location, within a specified segment of pipeline. 

2.1 
Overall Approach

The current Protocol estimates risk based on several consequence scenarios using specific sources of event rate data and consequence models.  The estimated risk value is compared to a specified risk criterion.  If the estimated risk value is equal to or less than the criterion, CDE considers the site to be suitable for development as proposed.  If the estimated risk value exceeds the criterion, the LEA must propose and accept the obligation of implementing risk mitigation measures.  At that point it is the opinion of the LEA’s pipeline risk consultant as to whether these measures are sufficient to allow the risk criterion to be met. 
In the context of the requirement, it is important to recognize that:

· The levels of risk at new sites or at existing sites undergoing new development will likely all fall within levels of risk already present at some existing campus sites throughout the state.

· Pipelines are heavily regulated and the regulators have the authority to shutdown a pipeline deemed unsafe.

· The fundamental question being addressed is what happens in an accident.

· For some LEAs, based on other siting criteria and requirements, there might not be suitable sites without a pipeline at or within 1,500 ft. of the site boundary.  

Based on these principles, CDE has developed the Protocol to provide guidance for an approach believed to be a reasonable way to meet the regulatory requirements.  Within the general guidance, variations are possible and will be accepted, provided that they are well documented and the rationale is provided for the method used.

2.1.1 Information Gathering 

Volume 1 defined the basic information requirements for a risk analysis.  It is the first step in the analysis.  Volume 1 noted potential sources of information on the pipeline.  For data and methods the Protocol has used extensive technical literature.  As guidance the Protocol allows for variations within bounds established by the Protocol and provides gateways to supplemental and complementary information sources through its references.  The need for additional information beyond the Protocol depends on the stage of risk analysis that adequately meets the need to a specific campus site analysis.
2.1.2
Stages of Analysis
The Protocol provides three levels of risk analysis according to specific conditions associated with a proposed school site.  The analysis types recognized by the Protocol are described below.

Stage 1 - A Stage 1 analysis compares the pipeline product transported, pressure, diameter, and distance from the pipeline to the campus site boundary (or other location at which the Individual Risk (IR) is being evaluated) with values of these parameters defined by the Protocol.  If the pipeline meets certain Protocol -defined combinations of these parameters, the risk has been predetermined to meet the CDE Individual Risk Criterion.  No further analysis is necessary.
Stage 2 - A Stage 2 analysis is the foundation analysis of the Protocol.  It follows a prescribed computational algorithm to estimate the risk based on specified pipeline system and site parameters.  The result is an estimated Total Individual Risk value, which is compared with the CDE IR criterion (annual probability of individual fatality at the property line nearest the pipeline of 1.0E-06).  If the criterion is met, no further action is required.  If the criterion is not met, CDE expects either that:  1) feasible mitigation measures will be proposed to determine, in the opinion of the risk analyst, whether their effect will allow the risk criterion to be met; or 2) a Stage 3 analysis will be conducted to determine if a more detailed and technically refined analysis can support a lower estimated risk value.

Stage 3 - A Stage 3 analysis is either a more detailed or more specialized analysis that requires data and computational methods not covered directly by the Protocol.  A Stage 3 analysis can be applied to the entire risk analysis or parts thereof, according to need.  It can be invoked for the reason cited above in the Stage 2 discussion if the site situation meets certain special conditions, examples of which are given in the Protocol, or if in the judgment of the analyst or CDE, upon review of a submission, has conditions not covered by the Protocol. 

2.2
Causes of Failure, Risk Factors and Product Release Hazards

2.2.1
Causes of Pipeline Failure
Based on historical experience, the main causes of pipeline leaks or ruptures can be classified as:

· Corrosion (internal and external); 

· Excavation damage;

· Natural forces (e.g., ground movement, flooding displacement, etc.);

· Other outside forces;

· Material and weld defects; 

· Equipment and operations (e.g., such as over pressuring an inadequately protected system through inappropriate operating settings); and 

· Other (i.e., not included above or unknown).


Corrosion

Corrosion can weaken a pipe wall by thinning it to the point where the wall fails.  Factors that play a role in corrosion include the materials of construction, maintenance history and age, soil conditions, product corrosively, and corrosion prevention measures taken by the pipeline operator.  

Pipe is usually protected from external corrosion by a coating and a cathodic protection system.  Internal corrosion protection relies on maintaining composition specifications on the transported product to minimize corrosion-promoting constituents and sometimes the addition of chemical inhibitors to the product.  A well-designed and maintained pipeline should not experience severe corrosion, even over a long time (Muhlbauer 1996).


Excavation Damage

Third-party damage refers to damage from excavation, drilling or other surface intrusive activities that physically damage the pipeline.  This action is often caused by construction activities that are not associated with the pipeline operation and maintenance.  

Factors that increase the likelihood of third-party damage are construction projects that take place near the pipeline and servicing of other underground utilities that share the pipeline right-of-way.  Increased activity near a pipeline increases the potential for outside force damage. 

Pipeline operator prevention activities such as public and contractor education, patrolling, marking the right-of-way at vulnerable locations with signs and participation in a “One-Call” system are examples of ways that operators prevent such damage.  

Natural Forces

Natural external forces include earth movement from landslides, seismic activity, subsidence and flooding.  Pipelines are designed to accommodate a certain degree of stress from such movements, but if the forces are too severe, the pipe can fail.  The potential for these events at a site depends on the site’s location relative to a geological setting conducive to these events. 

For seismic events, if a line does not directly cross a fault and is relatively heavy-walled steel pipe, it is not considered to be highly vulnerable.  The potential for seismic activity as a cause for failure is implicitly accounted for in historical failure rates used as the basis of the probability estimates made in this Protocol.  However, provision is made in the Protocol for special circumstances where additional seismic considerations might be appropriate.  These are discussed further in Section 5 of this Volume.

Material and Weld Defects

Material and weld defects originate from the initial construction of the pipeline but can also arise from subsequent maintenance activities.  The probability of these defects is partly related to the skill and care of the designers, installers and maintenance personnel for the pipeline.  Experience shows that these causes of failure generally rank considerably lower than corrosion and third-party damage as causes of failure.  If the operator is in compliance with U.S. Department of Transportation (DOT), Pipeline and Hazardous Materials Administration (PHMSA), Office of Pipeline Safety (OPS) (hereafter referred to as OPS) regulations in Title 49, Code of Federal Regulations (CFR), Parts 190, 191, 192, 193, and 199 (49 CFR Part 192) and pipeline industry design and construction standards, the potential for these types of defects should be low.


Equipment 

Equipment failures include events such as the malfunction of pressure control or relief equipment, failed pressure taps, broken pipe couplings, and valve and pump seal failures, among others.  Operations and maintenance procedures are aimed at detecting and correcting these types of conditions before they result in a pipeline release.

Incorrect Operations

Incorrect operations refer to activities that can lead to system failures.  They include incorrect maintenance, but also refer to operational actions that lead to incorrect valve settings, inadvertent valve closures and other actions that can lead to a failure.  The incorrect operations of concern would usually result in a pressure that exceeds the allowable operating pressure.  Incorrect operation also includes failure to detect and properly respond to leaks. Operating procedures, including staff training, are the primary means by which incorrect operations are prevented.  Certain engineering controls, such as shut-off valves and relief valves are used on pipeline systems to reduce the chances of a significant release.  For example, pressure relief is present at gas compressor stations and shut-off valves are located at various points along the overall pipeline system.  Incorrect operations can also include incorrect maintenance.

2.2.2
Pipeline and Hazardous Materials Administration Threat Categories


In 2002, the number of specific threats or cause categories for pipeline failure in the OPS incident and accident reporting forms under 49 CFR Part192 and Part 195 was increased. There are slight differences in specific threats when comparing the gas and liquid pipelines but they are very close. As an example, the list of for hazardous liquids pipelines is:

F1 - CORROSION

External corrosion

Internal corrosion 

F2 – NATURAL FORCES

Earth Movement

Earthquake


Subsidence


Landslide


Other
Lightning

Heavy Rains/Floods

Washouts

Flotation


Mudslide


Scouring


Other

Temperature

Thermal; stress


Frost heave


Frozen components


Other 

High Winds

F3 - EXCAVATION

Operator Excavation Damage (including their contractors) / Not Third Party

Third Party Excavation Damage (Type: Road Work, Pipeline, Water, Electric, Sewer, Phone/Cable, Landowner, Railroad, Other)
F4 – OTHER OUTSIDE FORCE DAMAGE

Fire/Explosion as primary cause of failure     

     Fire/Explosion cause:   

     Man made     

     Natural

Car, truck or other vehicle not relating to excavation activity damaging pipe

Rupture of Previously Damaged Pipe

Vandalism

F5 – MATERIAL AND WELDS

Material



Body of Pipe


Dent


Gouge


Wrinkle Bend


Arc Burn


Other Component


Valve


Fitting


Vessel


Extruded Outlet


Other
Joint

Gasket


Ring


Threads



Other
Weld

      
  Butt

Pipe


Fabrication




Other
   
 
Fillet


Branch


Hot Tap


Fitting


Repair Sleeve


Other
    

Pipe Seam 

Seamless


Flash Weld


HF ERW


SAW


Spiral



Other
F6 – EQUIPMENT OR OPERATIONS

Malfunction of Control/Relief Equipment


Threads Stripped, Broken Pipe Coupling 

Leaking Seals

Incorrect Operations 

F7 – OTHER

Miscellaneous

Unknown 

2.2.3
Risk Factors

Various relative ranking risk models developed over the years use detailed information about specific pipeline systems and parts of those systems to develop relative risk rankings by individual pipeline segments. These approaches are based on various risk factors that are believed to influence the various cause categories discussed above.  An example listing of such risk factors for pipelines is given below.  It was adapted from one such listing in the technical literature (Muhlbauer 1996).  Other listings also have been presented by various sources.  Most key factors are represented by all sources but the names and categories may differ.  Additional discussion and insight into risk factors and the subject of pipeline risk in general can be found in the third edition of Muhlbauer’s book (Muhlbauer 2004).
Third-Party Damage Factors

Depth of cover 

Activity level 

Aboveground facilities 

One-call system 

Public education 

Right-of-way conditions 

Patrol frequency 
Corrosion Factors
Aboveground pipe external corrosion

Humidity conditions

Atmospheric chemistry conditions

Exposed pipe and pipeline components 

Other aboveground pipeline appurtenances 

Coating conditions 

Internal corrosion 

Product transported 

Product corrosivity

Internal protection 
Buried pipe external corrosion
Cathodic protection (CP) system condition 

CP operating history 

Test lead locations 

Test lead voltage survey frequency 

Close interval survey frequency 

Coating type 

Coating condition

Coating age 

Soil type 

Soil corrosivity

Pipe age 

Pipeline components age

Proximity to other metal structures 

Proximity to AC induced current sources 

Internal inspection methods 

Internal inspection history 

Mechanical erosion potential 

Design and Construction Factors
Pipe material 

Material grade 

Wall thickness 

Maximum design pressure 

Pipe safety factor

System safety factor

Pressure relief device types 

Pressure relief device locations 

Block valve types

Block valve locations 

Backfill type
External Force Factors
Soil movement potential 

Flooding / erosion potential

Subsidence potential

Seismic potential 

Wind damage potential

Lightning strike potential

Vandalism vulnerability

Operations and Maintenance Factors

Maximum allowable operating pressure 

Average operating pressure 

Maximum surge pressure

Average pressure fluctuations amplitude

Frequency of pressure fluctuations

Procedures manuals condition

SCADA – communications system type and condition

Leak detection methods 

Field leak-survey frequency 

Repair history 

Maintenance documentation

Maintenance schedule

Operator and maintenance staff training

Drug-testing

Mechanical error preventors
Meteorological Conditions

Annual wind conditions

Annual temperature

Annual Profiles

Annual Cloud Cover
Land Characteristics

Building types

Building locations

Major physical barriers
Terrain type

2.3
Likelihood of Pipeline Failure


Volume 1 introduced the fundamental concepts of frequency and probability in risk estimation, which will not be repeated here.  The probability of pipeline failure in the segment of interest near a school campus is one of the two fundamental necessary components of the risk estimate.  However, for a given segment of pipeline, it is difficult at best to generate a very precise estimate of risk.  The number of threats and risk factors discussed in the preceding section can converge in vast numbers of combinations, many of them time-varying, for a given segment of line to yield adverse conditions conducive to failure.  That is why it is necessary to rely on historical data to provide a statistical and stochastic foundation for estimating the probability of failure and an accidental release of product.  Only an average can be attained, and that with considerable uncertainty.  The data sources for estimating probability used in the Protocol, from which the data in Volume 1 were obtained, are further discussed in Section 4.0 of the current volume.  The next discussion addresses the consequences of accidental product releases from pipelines.
2.4
Consequences of Pipeline Product Accidental Releases

The consequences or impacts of product releases from pipeline failure depend strongly on the hazardous properties of the product that is released.  The hazardous properties of concern in the context of pipelines near schools are toxicity and flammability.  The Protocol addresses the vast majority of pipelines where flammability is the hazard of concern.  The Protocol methodology is applicable to pipelines for toxic substances also with appropriate substitutions of failure rates and impacts for those types of systems, but data for those types of systems are not included.  An analysis for those types of systems constitutes a Stage 3 Analysis, by definition.  Such pipelines comprise a small fraction of all pipelines in California that are likely to be found near schools and are typically of much shorter length than flammable product lines.  If these pipelines are of interest at a particular site, by definition the analysis becomes a Stage 3.  Flammable natural gas and petroleum liquids are the only specific substances addressed in the Protocol. 
2.4.1
Hazardous Properties of Transported Products

Flammability 


Flammability and ease of ignition vary with products.  Some substances like propane gas, the same gas that is used in backyard barbecue grills, are relatively easy to ignite.  Gasoline, a common pipeline petroleum product, is also relatively easy to ignite.  Alternatively, compressed natural gas and crude oil are more difficult to ignite.  Characteristics of a flammable material that affect the severity of its release consequences are the flash point, lower flammability limits and heat of combustion.  Flammability data are available in various handbooks, hazardous material databases and in chemical company material safety data sheets (MSDS) for common substances transported by pipeline. 

Simply defined, the flash point is the lowest temperature of a substance for which vapors or gases will ignite and burn when exposed to a specified ignition source in a standard test.  Such substances are flammable gases (e.g., propane) at ambient temperatures or volatile liquids that evaporate easily (e.g., gasoline).  The wind can carry these gases or vapors to ignition sources away from the release location.  A flashback to the release source can result in a jet or pool fire.  The flash point is a measure of the ease of ignition.  Materials with low flash points ignite easily by a spark or by a flame.  The American Society of Testing and Materials (ASTM) is the organization in the United States that sets standard methods for determining flash points.  Flash point values reported in the literature are approximate rather than exact values, because of variations in sample compositions and test conditions for various substances.

For a given substance, ignition will only occur if the substance is within certain concentration limits when mixed with air.  Fuel concentrations below the lower flammability (LFL) limit are too lean to ignite and those above the upper flammability limit (UFL) too rich (as in a flooded car engine).  The LFL and UFL are usually expressed as the volume % of fuel in air.  For example, for methane, the major constituent of natural gas, the concentration range is 4.4% to 15% by volume of methane in air.  The LFL is an important parameter in assessing the potential impacts from fires or explosions.

The heat of combustion affects the intensity of the heat radiation from a fire and the energy in content and overpressure of an explosion.  The flame speed of a substance also affects the overpressure from an explosion. 

Gas or Vapor Density

The release hazard also depends on the density or specific gravity of a gas or vapor relative to air.  Gases or vapors lighter than air are buoyant.  They disperse upward away from the ground and common ignition sources.  Dense (higher specific gravity) materials are heavier than air and can spread in a plume or cloud closer to the ground and accumulate in low places.  They can more readily enter buildings and more readily encounter common ignition sources that less dense substances.  The relative differences depend on the temperature of both the substance and air.  For example, at ambient temperatures, natural gas is lighter than air while gasoline and propane vapors are heavier than air.  Propane and gasoline clouds may more easily encounter an ignition source within a given ground level distance from a release source than natural gas.  Typically, for underground pipelines a release temperature of about 60°F is considered a reasonable estimate.   If the released substance is much colder than air it is relatively more dense than if both are at approximately the same temperature.

2.4.2
Fire Impacts

Fire hazards depend on the type of fire.  Injuries or fatalities occur from exposure to the heat radiation from the flame.  The heat radiation is strongest at the flame and decreases with distance.  The intensity of the heat radiation is expressed as the heat flux in units of energy per unit time per unit area exposed.  Typical units include British thermal units per hour per square foot (Btu/hr-ft2) or kilowatts per square meter (kW/m2).  The English units are adopted in this Protocol.  The harm sustained depends on the intensity and duration of exposure.  Various technical literature sources have information on the effects of levels of exposure and exposure times (e.g., GRI 2000, Lees 1996).

There are essentially three types of fires associated with hazardous material releases.  The type that occurs depends on the properties of the spilled substance and the circumstances surrounding its release and ignition.  The three types are:

· Flash fire;

· Jet (torch) fire; and

· Liquid pool fire.

Flash Fire

A flash fire is a rapidly burning gas or vapor cloud of short duration with a rapidly moving flame front that passes quickly through the region of the cloud within the flammable limits.  The duration of the flash fire at any point in space depends primarily on the concentration of the flammable vapor in the air at the specific location and the flame speed of the specific substance involved.  The damage from a flash fire depends on the extent of the flammable gas or vapor cloud or plume when ignition occurs and exposure duration.  Therefore, the release rate for a flammable gas, evaporation rate for a flammable liquid, and the time to ignition after a release, are factors that influence the potential impact severity.  The impact zone from a flash fire is defined as the lower flammability limit (LFL) concentration region boundary of a flammable fuel-air mixture.  While there can be some flashback and a relatively limited flash fire that precedes the jet and pool fires discussed below, the flash fire referred to in the Protocol is one that extends over a large area and that results from a significantly delayed ignition. 


Jet Fire

The release of gases or vapors from a high-pressure pipeline occurs at a high rate.  A gas escaping from a leak or rupture orifice in a pipe will be a jet that discharges into the atmosphere while entraining and mixing with the surrounding air.  The released substance is diluted in the process and the resulting plume or cloud, which expands in volume, contains concentration gradients with the concentration of the released substance decreasing with distance from the source and the center of the cloud or plume.  For a buried pipeline, the force of the high-pressure release can blow away the soil covering the pipeline and form a large crater around the release location.  If the gas is flammable and encounters an ignition source, a flame flashes back through the flammable zone of the cloud to the near release point and a flame jet of considerable length emanating from the release orifice may form. This jet or torch fire will continue to burn until the gas in the pipeline is consumed.  For gas pipelines, the discharge rate decreases with time as the line pressure falls and after block values are closed and upstream compressors shutdown.

Because of the initial rapid decline in discharge rate, the maximum intensity of the heat radiation from a gas jet fire is typically within the first few minutes after ignition, so that from a risk perspective it is the initial and short term heat flux that most matters as an impact.  

For a liquid release, a high-pressure stream can rupture through the soil covering the pipe, which might or might not create a liquid jet with significant spray, depending on the pressure and hole-size of the leak or rupture.  A vapor cloud forms as some of the liquid evaporates.  The discharge will continue until a pump is shut off, block valves are closed, and the internal pipeline pressure is relieved as liquid drains from the line.  A jet fire is far less likely than the accumulation of liquid as pool with the evaporation of flammable vapor.  If an ignition source is present, the vapor can ignite with some flashback followed by a pool fire. 


Pool Fire

A pool fire that results from the ignition of the flammable vapors evaporated from a flammable liquid pool has a heat radiation impact that depends on the area of the pool surface.  The intensity also depends on the specific substance and the amount of soot formed as smoke reduces the transmission of the heat radiation through the flame.  The fire would continue until all the liquid in the pool was consumed or the fire was extinguished by fire fighter intervention.

As with other fires, the pool fire will emit heat radiation in all directions.  The average heat flux depends on the heat of combustion of the particular flammable material and size of the fire, usually expressed in terms of the pool surface area or diameter.  The heat flux at a specific location also will depend on the whether the pool is essentially round or elongated. 

2.4.3
Explosion Impacts

Under some conditions, a gas cloud explosion (GCE) or vapor cloud explosion (VCE) rather than a flash fire can occur.  When an extended gas or vapor cloud ignites from a delayed ignition, a flash fire is the most likely outcome.  A flash fire is also called a deflagration (in contrast with a detonation, discussed below) in which there is only a little increase in atmospheric pressure from the combustion. There is little mechanical damage to structures from this overpressure, expressed in pressure units of pounds per square inch (psi) above normal atmospheric pressure.  Under some circumstances, for some substances, rapid flame front propagation through portions of the cloud within the flammability limits can result in pressure waves significantly exceeding atmospheric pressure.  These high overpressures manifest a detonation.  In this Protocol the term explosion refers to a detonation and not a flash fire or deflagration.  A detonation can cause significant damage to nearby structures and harm to exposed persons.  The latter can also be harmed by the debris and collapse of structures.  Explosions are less likely than fires for most pipeline releases.  

The potential for, and severity of an explosion depends on the size of the cloud, the airborne concentration range of the flammable substance, other properties of the specific substance (e.g., flame speed), and the shape and concentration profiles within the flammable cloud.  The flammable gas or vapor within the range of the lower and upper flammable limits, and the total mass of substance must be greater than a specific threshold quantity for a GCE or VCE to occur.  A typical rule of thumb is that an unconfined explosion can occur when the mass in the gas or vapor cloud exceeds 1000 lbs.  This quantity varies with the specific substance.  An explosion is more likely with propane than with gasoline vapors, and more likely with gasoline vapors than natural gas.  The technical literature emphasizes the relative difficulty of achieving unconfined natural gas and methane explosions (Lees 1996).

Confinement such as in spaces between buildings, within a building, in a sewer pipe, in a tunnel, and in similar confining regions increases the chance of an explosion.  Explosions are rare in unconfined clouds.  However, under some conditions unconfined clouds can explode from virtual confinement brought about by velocity, pressure, and thermal gradients within the cloud itself.  For the same material the intensity of an unconfined explosion is less than for the same quantity of confined substance.  A comprehensive treatment of gas and vapor explosion principles is presented by the Center for Chemical Process Safety (CCPS 1996).  


Impacts determined by accidental release consequence modeling are discussed in Section 3.0.
2.5  
High Volume Water Lines and Aqueducts

High volume water lines are covered by the CDE regulation and by the Protocol.  The primary hazard associated with the failure of a water line is temporary flooding.  The handling of this issue is an exception to the overall approach in the Protocol.  CDE’s approach to water lines is that if a rupture can significantly threaten a school campus, then appropriate mitigation in the form of protective diversion drainage must be provided, based on a full rupture scenario.  No probability estimate is required.  Volume 1 provides an approach that can be used in preparing a submission to CDE.  The primary consideration for establishing evaluation criteria for water lines is the depth potential and rate of flow for any flooding that might occur on a campus site.  Volume 1 explained how to estimate “flooding” pool sizes.  It proposes a default depth.  It also used a default value for the duration before shutoff of the water flow.  Other values for these parameters could be used and the result would be different impact distances for a water line failure.  A risk analysis should propose to CDE the basis for concurrence with or differentiation from the values suggested as guidance in Volume 1 of the Protocol.  
3.0 
Consequence Modeling

Consequence modeling estimates the potential impacts of an accidental release of a product from a pipeline. The physical impacts from fires and explosions translate into estimates of harm to persons and property. This section discusses the basis of consequence modeling used for natural gas and petroleum products for the Protocol Basis Scenarios.   

3.1 
Model Selection

There are a number of models available for modeling gas and vapor dispersion, fires, and explosions.  The equations used in all the models are based on engineering fundamentals and are freely available in the technical literature.  However, there are differences in the various mathematical equations for the various phenomena that correspond to different types of simplifying assumptions to manage the inherent complexities of the fluid behavior. These differences have resulted in a number of computational approaches and computer codes to facilitate calculations.  A requirement of the Protocol was to use public domain models, if possible, so that a LEA would not have to acquire a proprietary commercial model.  The choice of model is subject to judgment regarding the nature of the model and applicability to the types of releases addressed by the Protocol.  Beginning in the 1980s several free public software packages were developed for modeling the effects of accidental releases of hazardous substances.  These include SLAB, DEGADIS, ARCHIE, and ALOHA® (Areal Locations of Hazardous Atmospheres).  ALOHA® is available and downloadable from the EPA (EPA 2006a, EPA 2006b).  Each of the models has some features of use in modeling the effects of gas releases from pipelines and the effects of flammable vaporization from liquid spills.  However, they do not all compute consequences and express results on a consistent basis.  Using multiple models requires considerable effort to make the results consistent.
The latest version of ALOHA, Version 5.4, issued in February 2006, added fire and explosion modules to the air dispersion only capability of earlier versions.  This model, developed by the National Oceanic and Atmospheric Administration (NOAA) and EPA, is available free from an EPA website (EPA 2006a, EPA 2006b).  The model computes the air dispersion concentrations of gases and vapors, fire heat effects as heat radiation levels, and explosion overpressures, all Protocol requirements, in the same model.  The other models do not have that capability in a single model.  ALOHA Version 5.4 was adopted for the Protocol because it is the most recently updated public domain model that meets Protocol requirements and is user friendly in a Microsoft Windows environment.  ALOHA modeling specific to the Protocol is discussed next.
3.2
ALOHA® Modeling


The ALOHA model is a menu driven software that uses a series of data input windows.  Default modeling results, for the Protocol Basis Scenarios, were presented in Volume 1 of this Protocol.  This commentary discussed some of the high points of the ALOHA modeling. 

Consequences are evaluated for major leak scenarios, defined by a 1.0-inch hole, and rupture scenarios defined by full diameter rupture of a pipeline.  These values are based on recommendations for pipeline risk analysis modeling from (FEMA 1989).  ALOHA is used to generate the consequence tables and figures presented in Volume 1 that express the release impacts as a function of distance from the hazard source and pipeline size and pressure (or pool size in the case of liquid spills).  

The four basic computational modules in ALOHA are the:

· Release Source Module; 

· Dispersion Module;

· Fire Module; and

· Explosion Module.

Data entered for these modules define the specific Protocol Basis Scenarios for which the model is run.  The data requirements were already summarized in Volume 1, Tables 3-1 and 3-2 for both gas and liquid pipelines.  Characteristics for gas and liquid releases are discussed in the following individual sections for gas and liquid pipelines. 

3.3 Natural Gas Releases

3.3.1
Release Characteristics

Gas behavior on release from a pipeline rupture or a leak hole depends on the size of the orifice, the pipeline pressure, and the orientation of the release.

The potential impacts from the failure of a natural gas pipeline consider the following:

· Exposure to un-ignited gas;

· Flash fire; 

· Gas jet fire (torch fire) at the pipeline; and

· Gas cloud explosion. 
 Experience with high-pressure natural gas pipeline failures shows that most of the time the released gas disperses without ignition.  When the gas does ignite, a limited flash fire followed by jet fire is the most common result.  Ignition from ruptures has usually occurred within 2 minutes (GRI 2000).  Large flash fires and gas cloud explosions (GCE) from the extensive accumulation of gas before ignition are potential threats but are considered highly unlikely based on historical experience.  One reports suggested an average ignition probability of 20% to 45% depending on release size (FEMA 1989), with fire rather than explosion as the dominant outcome. 
The GRI study cited above did not consider flash fires or explosions as representing the major threats in estimating the impact distances from natural gas pipeline failures.  The federal OPS did not use these effects as a basis for defining the potential impact radius (PIR) for determining potential High Consequence Area (HCA) impacts in the Gas Transmission Pipeline, Integrity Management Program (IMP) regulations of 2002 (49 CFR Part 192, Subpart Part O).  In both cases, the focus was on the essentially vertical jet fire modeling of the GRI study.
Contributing to the low probability of events other than jet fires is the buoyancy of natural gas relative to air.  Natural gas tends to rise and disperse at above the elevation of common ignition sources.  Also, vertically oriented releases from underground pipelines dominate natural gas pipeline failure.  Without confinement, ground level accumulation of natural gas from normal compressed gas pipelines does not typically occur.  For the less common case of horizontal releases, the gas still tends to rise, but there can be a greater impact potential near ground level initially.  

The behavior of liquefied gases (i.e., liquids with a boiling point less than the ambient temperature) is complex in nature and is not included within the scope of the default modeling provided in this Protocol for the standard Stage 2 analysis.  Examples of liquefied gases include liquid propane and butane, which are actually classified by OPS as Highly Volatile Liquids (HVL).  The assessment of these special circumstances is by definition a type of Stage 3 analysis, in the context of this Protocol. 

The rate of release, orientation, initial pressure, dimensions of the release hole in the pipe, and temperature of the gas and surrounding air, and near surface wind conditions at the time of release all determine the dispersion pattern of the gas in the atmosphere.  Innumerable patterns are possible given the very large number of possible combinations of the variables.  However, some variables have a stronger influence than others, and certain general orientations tend to predominate.  On this basis, it is common engineering practice to make simplifying assumptions to define specific scenarios upon which risk estimates are based.  

In all modeling, natural gas was simulated as methane, which typically will comprise 90% or more of the total pipeline gas.  (Raw produced gas can have methane contents as low as 70%).  This is a typical practice in many natural gas technical analyses of the type applied here. 

3.3.2
Gas Release Modeling Parameters 

Table 3-1 provided the natural gas pipeline modeling input data and rationale associated with each variable.  

3.3.3
Gas Dispersion and Fire Impacts


While for natural gas pipelines, jet fire impacts outweigh un-ignited gas exposure (natural gas is non-toxic and disperses by buoyancy), large flash fires and explosions, the Protocol provides for evaluating both flash fire and gas cloud explosion impacts.  The flash fire impact distance is defined by the Lower Flammability Limit (LFL) boundary of a gas cloud.  The LFL figures in Section 4 show the LFL impact distances for natural gas pipelines from ALOHA modeling of open site conditions.  The explosion impact is based on release rate and the mass of a cloud for up to a two-minute release.  


Jet Fire Impacts


Consequence impacts
for fires are expressed in terms of heat radiation intensity, expressed in units of British thermal units per hour per square foot (Btu/hr-ft2).  Lookup tables and figures in Volume 1 Section 4 show the jet fire radiation impacts for natural gas pipelines as a function of pipe diameter, pressure, and distance from the release source.  

Meteorological conditions usually do not significantly affect the jet fire impact at modest wind speeds because the mass and momentum effects of the jet fire dominate over the meteorological conditions in the first few minutes near the release point.  They can cause some flame tilt and have an effect on impact distance at high wind speeds.
Gas Cloud Explosions

While highly unlikely for natural gas, provision is made for evaluating an unconfined gas cloud explosion (GCE) impact.  Consequence impacts for GCEs are expressed in terms of pounds per square inch pressure (psi) above atmospheric (overpressure).  The GCE impacts were estimated using the ALOHA vapor cloud explosion module.  Results were obtained only when the option of confined conditions were defined.  While this appears to be an inconsistency with the declaration that unconfined explosions were considered, it is a conservative approximation for “in the open” cases where there might be some partial confinement from groupings of school buildings or even off-site buildings near the campus.  For additional background information on gas and vapor cloud explosions, the reader can refer to the technical literature (e.g., Lees 1996, CCPS 1994, and CCPS 1996).  
3.4
Hydrocarbon Liquid Releases

3.4.1
Release Characteristics

For a liquid pipeline failure, an above ground pipeline segment will release its contents directly onto the ground.  Some liquid will soak into the soil and the remainder will form a pool from which the vapor will evaporate.  A release from an underground pipeline will permeate the surrounding soil, with a portion tending to migrate underground and a portion reaching the surface, where a pool and/or flowing stream will form.  Under sufficient pressure, some of the escaping liquid will force its way to the surface while displacing soil or other material (e.g., roadway paving) covering the line, and form a momentary geyser or spray of liquid while forming the pool or flowing stream.  The liquid can flow away from the release location and present a flammability hazard source far from the pipeline itself, unlike for a gas release where most of the time the hazard origin remains the release origin (an exception being if a flash fire or explosion occurred from significant gas cloud migration before ignition).  

The initial release rate for a given liquid is governed by the size of the release opening and the pressure in the pipeline at the site of the failure.  Unlike a gas line, the pump pressure controls the release rate only as long as the supply pump keeps operating.  After a pump is shut off, the release rate depends on the location of the hole and elevation of the line on the parts of the line either side of the hole.  The rate and duration of drain-down for any liquid from the lengths of pipeline on either side of a hole, at higher elevations than the hole, depend on the elevation differences.  A leak in the bottom of a pipe or at the bottom of a hill will discharge for a longer time than the same size leak in the top of the pipe wall, at the top of a hill, or on flat terrain.  For a full-bore pipe failure, the same principles apply, but the rates are higher.

For a very large release, such as a full-bore failure, the initial drain-down from elevation (i.e., the amount of liquid that drains from the pipeline rupture) can actually exceed the pumping rate.  In that case, there will be an initial surge of released liquid, followed by continued drainage, limited by the pumping rate, until an upstream shut-off valve closes or the pump stops.  After pump shut-off or valve closure, on level terrain, the drain-down and release rate is governed by the height of the liquid above the hole in the pipe.  Once the liquid in the line is below the location of the hole, drainage stops and the remainder of the liquid stays in the line, with some evaporation of vapor through the hole.  

The total amount of liquid spilled can depend on the time to detect and shutdown a significant leak.  Times vary considerably with the design and operational capabilities of the specific system.  Times can vary from a few minutes with highly automated systems to hours for other systems.  

A vapor cloud will form as liquid evaporates from the pool surface.  The vapor will mix with air and disperse according to evaporation rate, which depends on the liquid pool or channel surface area, temperature, and meteorological conditions.  The vapor cloud will then behave like the gas cloud discussed previously except that the cloud stays close to the ground rather than rising as it disperses.  This is because petroleum liquid vapors from crude oil and refined products are denser than air.  When the vapor and air mixture enters the flammable range, and there is an ignition source, the cloud will ignite.  The result can be a large a flash back followed by a pool or channel fire, a large flash fire, or a vapor cloud explosion depending on the properties of the cloud and time to ignition.

The overland flow potential for liquids makes local topography an important location factor that affects the potential impacts and the risk analysis of liquid spills.  The threat of a liquid release depends on where liquid pooling occurs near or on a school site.  For relatively flat terrain, a pool is likely near the release location, which is then the most likely location for a pool fire.  The terrain near and at the school site must be examined to determine whether drainage can occur toward the school site, on the school site or whether the terrain is flat enough that liquid will tend to pool near the release location on the pipeline right of way.  If terrain is not flat, potential pooling areas and flow channels that could result in a pool and fire near the school site should be identified as part of the risk analysis.  

It would be desirable to map such drainage pathways as part of one of the many other studies associated with each school site proposed for new development.  Where this has not been done, local maps should be consulted and terrain drainage along the entire length of the line segment identified.  The drainage analysis should include storm sewers as well as natural drainage.  The combination of release rate, duration, and local drainage is a primary risk factor for liquid releases. 

These considerations make the consequence analysis with pipeline liquids different than the analysis for gas pipelines.  Where consequences of a gas release are influenced primarily by the initial momentum conditions of the release and meteorological conditions, liquid release consequences are primarily influenced by the terrain and soil conditions in addition to meteorological conditions.  

This Protocol attempts to simplify the analysis in terms of specific terrain conditions.  The Stage 1 and 2 processes present the simplified approach for use where the terrain associated with the school property is relatively flat.  The Stage 1 and 2 methods are also appropriate for relatively simple flow patterns, where the location of liquid channeling and pooling can be used to identify probable location of potential vapor release areas and pool fires.  If the topography for the pipeline suggests some terrain complexity or drainage issues that would likely cause liquid flow or vapor diversion toward the school, then a Stage 3 analysis might be required.  It is expected that liquid pipeline releases will require more use of a Stage 3 assessment than gas pipelines.

There are three aspects of topography that influence the consequences of a liquid release:

· Gradient;

· Surface roughness; and

· Surface uniformity.

The gradient or slope determines whether the liquid will pool near the release site or drain to another location.  As the pipeline pressure dissipates, gravitational forces prevail and the liquid will flow downhill at a rate dependent on the degree of slope.  Terrain and soil characteristics can direct the flow of a flammable liquid toward a proposed school site or away from it.  Surface roughness, in addition to gradient, affects the rate of overland flow.  It also affects the surface area available for evaporation and the rate of evaporation.  Surface uniformity refers to the degree of variation in surface roughness and gradient.  Non-uniform refers to a surface that varies significantly in roughness over short distances (e.g., a mix of gravel, rocks, and boulders), or a surface with many irregular changes in gradient, such as one with many channels of varying depth and wall slopes.  Uniform refers to a surface composed of similar-sized rocks or a surface relatively free of channels.

Figure 3-1 is an example illustration of the effect of topography on the drainage pattern for releases from a pipeline.  Hypothetical sites A and B are located equidistant from a pipeline as designated by distances "dA” and “dB.”  The drainage pattern for a release in the pipeline segment nearest the sites is quite different.  The pipeline is down-gradient from Site A and up-gradient from Site B.  The convoluted topography results in no drainage of a released liquid toward A, but significant drainage, in channels, toward B.  The potential impact at Site B is higher than at Site A in spite of the same distance from the pipeline.
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Figure 3-1.  Example of Effect of Convoluted Topography on Liquid Pipeline

Release Drainage Relative to Hypothetical Sites, A and B

Other location factors can also influence the consequences of a pipeline product release through land use, the presence of roadways, rivers and rail crossings and meteorological conditions. Land use affects the dispersion and fate of both liquid and gas releases.  It also significantly affects the occurrence and nature of fires or explosions of flammable materials.  Finally, it affects the risk of exposure through the population patterns at specific locations near a pipeline site.  One of the most basic effects of land use is the density of buildings and potential ignition sources.  The potential for both ignitions and explosions can increase with congestion.  Sometimes an early ignition of a release may result in a localized fire and prevent more widespread damage than a delayed ignition.  


Roadways, river crossings, and railroad crossings and rights-of-way near pipelines are viewed as having an increased hazard potential.  The roadway component refers only to an actual crossing of a pipeline from one side to the other and not a pipeline running under a roadway in the axial direction.  It applies to an underground pipeline crossing or a bridge crossing.  Rail crossings are similar to road crossings.  For rivers, streams, or ditches, a crossing might be underground (e.g., below the riverbed) or by pipe bridge over the channel.  Some examples of threats from crossings include an increased potential for corrosion from improperly maintained pipe casings, an outer pipe conduit through which the product pipe passes under a roadway; structural damage from varying traffic loadings and vibrations; structural damage from outside force impacts at bridge crossings; and washouts in stream beds.

Impacts modeled for hydrocarbon liquid releases were for a: 

· Flash fire;

· Liquid pool fire; and

· Vapor cloud explosion.

The dispersion and flammability properties were based on those of n-hexane, used to simulate gasoline, typically one of the more volatile of transported refined products covered by the Protocol.  Hexane was chosen as the surrogate because it has a similar molecular weight (86 lb/lb mole) as gasoline (92 lb/lb mole from the EPA TANKS 4.0 computer program).  It is also assumed to serve as reasonable representation of the volatile fractions of crude oil for dispersion and fire modeling purposes. Note that this only applies to vapor cloud explosions because pool fires impacts are not based on the vapor pressure of the liquid.  For crude oil and refined products less volatile than gasoline the estimates of impact distances from the ALOHA model can be adjusted using factors from a U.S. Department of Commerce study (USDOC 2000).

The ALOHA results based on a simulated gasoline liquid (n-hexane) were adjusted for crude oil, which is less flammable.  Additional information from a Department of Commerce document published in November 2000 entitled “Heat radiation from Large Pool Fires” (USDOC 2000) and from Volume 2 of “Loss Prevention in the Process Industries” (Lees 1996) was used to develop a factor for crude oil that adjusts the ALOHA estimated impact distances for gasoline (modeled as n-hexane) pool fires.  Soot and smoke attenuates the heat emitted from the fire as measured by the fraction of heat emitted, f..  The f value decreases with increasing pool fire diameter and also varies with the substance burned.  Therefore, the impact distance from ALOHA modeling can be adjusted based on other data on the thermal emission factor for different substances (USDOC 2000).  A factor was derived to adjust the modeled impact distances to account for somewhat lower impact distances for crude oil compared with gasoline.  
Liquefied gases (i.e. liquids with a boiling point less than the ambient temperature) are complex in nature and are not included within the scope of the guidance given in this Protocol.  Examples of liquefied gases include liquid propane and butane and mixtures as liquefied petroleum gas, LPG.  A Stage 3 assessment is recommended for assessing the risks associated with these liquids.

The primary source of flammable vapor emissions for most liquid releases is evaporation from the exposed liquid pool or rivulets.  The impact modeling is based on pooling and vapor evaporation, which are the liquid spill characteristics used to estimate dispersion effects in air and the associated potential fire and explosion behavior.   The hazard severity of a liquid release depends on the release rate and the size of the liquid pool surface area available for evaporation. 

The operating, volumetric flow rate is the operating velocity in the pipeline multiplied by the cross sectional area of the pipe.  The operating flow rate of the pipeline should be obtained from the pipeline operator, if possible.  If the actual operating flow rate of the subject pipeline is not available, then a default assumption can be made assuming that the velocity is equal to the economic pumping velocity.  For schedule 40 carbon-steel pipe and turbulent flow, de Nevers (1991) presents data from Boucher and Alves (1963) that shows the economic velocity as function of fluid density.  These data show that for fluid densities of 100, 50, and 10 lb/ft3, the economic velocities are 5.1, 6.2, and 10.1 ft/second, respectively.  Assuming gasoline as the Protocol basis scenario condition, liquid transported with a density of 41.9 lb/ft3 per TANKS 4.0, the economic velocity is approximately 7.0 ft/second (interpolating the data provided in de Nevers).  Thus, the Protocol uses a pipeline velocity of 7.0 ft/second in the absence of actual operating data.


The methodology and impact distance tables and graphs provided in this Protocol are presented as guidelines only to expedite the pipeline risk analysis, and the analyst is not required to use the guidelines presented.  Other publicly available or proprietary air/consequence models may be used, as long as they embody sound engineering principles and adequate documentation is provided on the source of the model, the modeling equations, and data and assumptions used.

3.4.2
Liquid Release Consequence Modeling Parameters

Protocol Basis Scenarios are based on full rupture of the pipeline and a large leak with a hole-size of 1 inch.  A full rupture of the pipeline was represented by an orifice size equal to the full diameter of the pipeline.  These criteria were based on recommendations for pipeline risk assessment modeling in the technical literature (FEMA 1989).  

The data requirements were already summarized in Volume 1, Tables 3-1 and 3-2 for both gas and liquid pipelines.  The liquid data were used to estimate the vapor plume hazard impacts for evaporating liquid pools that are presented in Volume 1 of the Protocol.  The manner in which impacts were calculated depends on whether a full rupture or leak (one-inch hole) is being evaluated.  For liquid releases, the release rate, pool size, and fire or explosion impacts are evaluated in that order.   In ALOHA, a hole-size with liquid conditions in a vessel or pipe, a release rate, or a pool size can be input to the model.  Vapor evaporation, dispersion, and ignition effects.  
3.4.3
Liquid Release Rates 

Estimating release rates for ruptures and leaks differ slightly.  Ruptures are discussed first.

Ruptures

For a full rupture the liquid is assumed to discharge through a hole the area of which yields a diameter equivalent to the diameter of the pipe.  For liquids flowing in a pipeline with the upstream liquid filled portion at approximately the same elevation as the release location, the rate of liquid released is essentially the pipeline flow rate.  The quantity released is the release rate multiplied by the time to stop flow.  This is commonly referred to as time to shut-off.  For liquid lines, this is accomplished by shutting off a pump at a pump station and/or closing a line block valve. The Protocol assumes a default time of 15 minutes to shut-off. 


If the pipeline has significant elevation above the release point, the release rate can exceed the original operating flow rate as liquid drains by gravity due to the liquid head above the leak, because of the elevation difference.  The release rate can then exceed the original pumped flow rate.  The significance of this effect depends on the elevation difference and the effect of friction in the pipe on limiting the free flow under the elevation differential.  For purposes Stage 2 estimates in the Protocol, friction can be neglected because doing so merely provides a conservatively higher estimate of the flow rate than otherwise would result. 

For a rupture discharge estimate, the pipeline flow rate must be known.  This information will have been obtained in a Phase 1 study for the campus site, will have to be obtained from the pipeline operator, or will have to be estimated based on an assumed typical value of a petroleum liquid pipeline.  For the latter case the Protocol assumes a pipeline velocity, Uo, of 420 feet per minute (fpm) (7.0 feet per second (fps)) in the line, as noted earlier.

The volumetric flow rate from pumping is given by:

QR = Uo x A 
Where:

QR = the volumetric flow rate in cubic feet per minute, cfm;


Uo = the pipeline flow velocity in feet per minute fpm; and



A = the cross sectional flow area of the pipe in square feet ft2= 0.78 x D2                            D = the pipeline diameter, ft.

This estimate applies on flat terrain.  If there is significant elevation on either or both sides of the release location, drainage by gravity flow must be accounted for.  

The volumetric flow rate by gravity drainage for a pipeline with elevation above the release location is given by the following equation (originally written for metric units, and with different symbols) ( FEMA 1989): 

M = AH ( Cd ( [DENS ( [2g/gc ( DENS ( (H2-H1) + 2 ( (P2-P1)]]0.5
Where:

AH = cross sectional area of discharge orifice (hole) based on 1 inch for a leak, and the pipe diameter for a rupture scenario. 
Cd = discharge coefficient = 0.63 as typical default value; 

M = the mass flow discharge rate in pounds per second, lb/sec;

DENS = the liquid density in pound per cubic feet lb/ft3;

g = the acceleration of gravity, 32.2 ft/sec2;

gc = the gravity constant, 32.2 (ft2 – lb(mass)) / (sec2 – lb(force))

H2 = the elevation at the release point ft;

H1 = the elevation of the pipe from which liquid is flowing above the release point ft;

P2 = the operating pressure of the pipeline pounds per square foot gage (psfg); and

P1 = the atmospheric pressure in, psfg = 0.

The psig units can be converted into psfg units by multiplication by 144. (i.e. psfg = psig x 144).

Converting this from mass flow rate in lbs/sec to volume units of cfm (cubic feet per minute) is done by the following equation: 

QR = M ( (60 sec/min) / DENS

Where:



QR = volumetric release rate, cubic feet per minute, cfm; 

M = mass flow rate of discharge, lb/sec; and


DENS = liquid density, lb/ft3.

If the calculated gravity drainage volumetric flow rate exceeds the operational flow rate (pumping rate), that the discharge rate is taken as equal to the gravity drainage rate, which is used to estimate the pool area based on 15 minutes of drainage; otherwise, the operating volumetric flow rate is used to estimate the pool area.  If the line is elevated on two sides of the release location a temporary flow from both sides of the release location is possible.  The total amount of liquid that can drain depends on the length of pipe on each side above the release location.  For the Protocol Basis Scenarios, 15 minutes of drainage is assumed.  

1-inch Hole Releases

A large leak is represented by 1-inch hole.  As a conservative assumption, the hole is assumed to be located on the bottom of the pipeline such that the worst case scenario of liquid leaking from the pipeline occurs.  Note that a hole on top of the pipeline will release less liquid because once the pump is shut off and the liquid level falls below the elevation of the hole, no more liquid will drain from the hole.  The ALOHA model calculates the release rate from a hole in pressurized pipe of a liquid.  For an un-pressurized pipe the leak rate would be based on the drain down estimates, discussed above applied to the 1-inch hole.  Equations are also available in other technical literature for calculating release rates based on hole-size. 

3.4.4
Liquid Pool Size Estimates

The pool fire radiation and vapor cloud explosion (VCE) impact graphs presented in Volume 1 Section 4 of the Protocol are based on the pool size.  Pool size depends on release rate, release duration, and local ground topography, which can limit the area of the pool.  For example, the spread of a pool in a roadway can be limited by roadway curbs. 

The guidance in Volume 1 is based on circular pools.  Rectangular pool considerations are also appropriate for some situations and are discussed later in this Section.  The choice of a circular or rectangular pool depends on individual site conditions.  For instance, a release in a flat field would be expected to form a circular pool while a release in a roadway would be expected to form a rectangular pool with a width equal to the gutter or even full road width.  Potential migration or channeling of a liquid can from an elongated pool or rivulet of other sizes and shapes.  Storm drains or other special drainage features can alter both the location and shape of pools, and the amount of surface area available for vapor release to atmosphere and for pool fire area.  The release impacts should be evaluated based on the expected location of the pool, not necessarily the location of the pipeline for situations where there is a strong possibility that a circular pool is not the best choice.

Release Quantity

The pool size depends on the maximum quantity of material released, confinement conditions, vapor evaporation rate, and soil permeability.  Quantity of liquid released is the release rate times the duration of the release. The Protocol basis scenario assumes that the release can be stopped within 15 minutes.  The total volume of liquid spilled from the pipeline is estimated as: 


QS = QR x t 

Where:


QS = volume of liquid spilled from the pipeline, ft3; 

t = duration of release (minutes); this guidance assumes 15 minutes release time for pool formation.

QR = the volumetric release rate, cfm.

For uncontained pools, the liquid pool area is estimated using the following equation:

AP= QS/d

Where:



AP = pool area (ft2); and


d = pool depth (feet); the default pool depth for uncontained releases is 0.0328 feet (1 cm).  This default depth is assumed by OCAG (EPA 1999a).

An uncontained pool is assumed to occur in open areas of flat terrain where there is little to contain the spread of the pool.  However, if the pool area is limited by passive mitigation such as natural terrain/topography or other boundaries such as dikes or curbed roadways, then the area enclosed should be used for the pool area.  If the liquid pool can overflow the containment (i.e., the liquid depth exceeds the height), then the quantity of liquid that overflows should be estimated by subtracting the estimated quantity of liquid held by the dike from the estimated total quantity of liquid released from the pipeline.  Then, the equation above can be used to estimate the pool area from the overflowed liquid, which should be added to the contained area to estimate the total pool area.  Also, if the estimated pool depth contained is less than a default depth, then assume that the pool depth is the default depth and estimate the area using the above equation.

If there are drains in place, reduce the quantity of liquid released than can pool by the quantity of liquid that is expected to flow into the drain.  

The impact graphs of Volume 1 are based on pool diameter.  For circular pools, the pool diameter can be estimated using the following equation (can also be used to estimate an “effective” diameter for non-circular pools using the estimated non-circular pool area):

Pool Diameter, ft = [4 (Pool Area, ft2)/π]0.5
Non-circular Pools

Liquid pipeline releases under roadways are expected to form non-circular pools.  For ease in estimating the consequences, a rectangular shaped pool is assumed for liquid pipelines located under roadways.  If a roadway exhibits a dip along its route the rectangular pool may have a depth greater than 1 cm, which will cause the liquid to form a pool with a smaller surface area (the curb may also act to increase the liquid depth, thus minimizing the surface area).  This can also occur when the crown of a road caused the liquid to form one or more pools in the side gutter(s).

For rectangular pools, the pool width is specified based on the site topographical features.  For instance, if the liquid pipeline is located under a roadway, then the pool width is assumed to be equivalent to the road width.  With the width specified, the pool length can be estimated using the following equation:

Pool Length, ft = Pool Area, ft2 / Pool Width, ft

If the pool is neither circular nor rectangular in shape, then the detailed pool fire impact equations may need to be used to categorize the impacts as pool fires are dependent on the pool geometry.
An example calculation is provided below demonstrating how to estimate the amount of liquid released and the subsequent pool area formed from a full bore liquid pipeline release.

3.4.5
Fire Impacts

The primary hazards are fires or explosions rather than vapor or liquid inhalation or physical contact exposure, because the released gas or liquids covered by the Protocol are considered to be essentially non-toxic for short, acute exposures. Thus, toxic exposure consequences were not considered further in the risk analysis by this Protocol.  However, flash fire impacts were evaluated and are represented as the distance to the Lower Flammability Limit (LFL).  If the distance from the pipeline to the evaluation location is less than or equal to the LFL impact distance, then a flash fire could occur at that location.

Liquid vapors constitute a “dense gas” because the molecular weight and vapor density of gasoline, crude oil, and other refined liquid vapors are higher than for air.  For example, the vapor density of gasoline is reported to be 3 to 4 times that of air (NFPA 1984).  

The ALOHA air dispersion modeling software was used to estimate the LFL impact distances for a variety of pool diameters as shown in Volume 1, Section 4.  ALOHA modeling used the chemical and physical properties of gasoline (n-hexane as a surrogate) and the meteorological conditions of Table 3-2.  If the hazardous substance properties, site conditions or meteorological conditions are significantly different than the assumptions used to develop the data in Volume 1, then a Stage 3 Risk Assessment with site specific modeling is recommended.

If the evaporating vapor from a flammable liquid pool ignites, a flash fire, pool fire, or vapor cloud explosion can ensue.  

Flash Fires

While less common than the pool fires discussed below, a large flash fire is more likely for light hydrocarbon vapors (e.g., gasoline) than for natural gas.  One reason is that the liquid product vapors are denser than air (natural gas is lighter than air) and are more likely to encounter an ignition source.  However, the potential for extensive vapor migration is limited somewhat by the evaporation rates from liquid pools.  Flash fires have been considered in the Protocol as a hazard source as discussed in Volume 1 where the impacts are represented by the LFL impact distance. 
Pool Fires
A pool fire results when vapors immediately over the pool ignite and the fire is confined to the area of the pool.  The hazardous impact is the heat radiation emitted, as for gas jet fires discussed previously in this Protocol.  The heat radiation level decreases with distance from the pool.  Pool fire impacts were modeled for the Protocol using the ALOHA “puddle fire” module and circular pools.  Hexane was used to simulate gasoline for the fire estimates.  Results were presented in Section 4, Volume 1 of this Protocol.  The pool fire consequence graphs in Volume 1, Section 4 of this Protocol for the circular pools show the pool fire impact as a function of the distance from the pool for various pool diameters.  Interpolation can be used if the calculated pool diameter for the subject site scenario is not given on the graph.  An adjustment factor can be applied to the results in Volume 1 to distinguish between a typical crude oil and refined products.  Crude oil fires from the same size pools are likely to have shorter impact distances than refined petroleum product fire impacts. 

Non-circular pools are also discussed below, but their detailed treatment is relegated to a Stage 3 analysis and all data that might be needed for such an analysis for a specific site is not included in the Protocol.   The choice of a circular or rectangular pool depends on the topographical features of the pipeline right of way and the school campus site.  For instance, a release from a pipeline located in a flat field would be expected to form a circular pool while a pipeline located under a roadway would be expected to form a rectangular pool with a width equal to the road width.  

The potential migration or channeling of the liquid pool should be addressed when evaluating the impacts, as well as any potential mitigation (such as dikes or drains).  The impact graphs are a function of the pool size and distance from the liquid pool, so the distance should be evaluated based on the expected location of the pool.

Liquid pipeline releases under roadways that reach the surface are expected to form non-circular pools.  Therefore, rectangular shaped pool is assumed for liquid pipelines located under roadways.  Rectangular pool fires must be handled differently than circular pools because the radiation effects from the ends of the pool channel will be less intense than those from the center of the channel at a given point from the pool.  Thus, to account for this effect, the rectangular pool was divided into smaller equal sized rectangles, and the radiation impact from each of these smaller rectangles was evaluated at the point of interest.  Figure 3-2 depicts a simple schematic for rectangular pools.
For conservatism, the rectangle was assumed to be located such that it is perpendicular to the straight line joining the receptor location to the center of the rectangular pool. This is conservative in the sense that the radiation will be higher at the receptor location by receiving radiation from the center and either side of the center of the pool.  The heat radiation intensity from any part of the pool will be lower the farther it is from the receptor.  If the pool geometry or location is expected to be different from the conservative assumption presented in this guidance, and a more accurate consequence estimate is desired, then the detailed radiation equation should be applied for the given pool geometry (including splitting the pool into smaller segments if needed).

For illustration, the larger rectangular pool in Figure 3-2 was broken into eleven smaller rectangles of equal size (eleven chosen so that there are five rectangles on either side of the middle rectangle).  The radiation impact from the eleven smaller rectangles was evaluated at a given point (the receptor of interest) and summed together to estimate the total impact at the point.  The figure below illustrates graphically how the rectangular pools were evaluated. 

In practice, the number of rectangles is determined by the width of the roadway or other rectangular channel, such that each rectangle is approximately square.  This allows each incremental pool to be modeled approximately as a circular pool with a surface area equivalent to each the small square.
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Figure 3-2.  Simplified Rectangular Pool Schematic

In Figure 3-2, the total radiation is:

q = q1 + 2 q2 + 2 q3 + 2 q4 + 2 q5 + 2 q6
Where:

q = the total heat radiation intensity at the receptor location expressed as Btu/hr-    

                        ft2 of pool surface area; and 

q1, q2, q3, etc. = the radiation intensities from each incremental square area in the same units as above into which the whole pool has been divided for calculation.
In this estimating method, the heat radiation for each incremental pool is determined as if there were a fire confined to a circular pool of the same surface area as the incremental pool.   The heat radiation intensities for all the incremental pools at the receptor location are summed to yield the estimated intensity for the whole pool.  The heat radiation intensities are determined from the data in Volume 1 for pool fires based on the distance of each pool from the receptor location.  

The distance from each rectangle is determined using the Pythagorean Theorem (the distance for each rectangle to the receptor point is the square root of the sum of the squares of the distance of the receptor to the center large rectangle and the distance from the center of the rectangle being evaluated to the center of total rectangle. 
xi = (( x2 + (L/N)2)0.5
Where:           xi = the distance from rectangle i to the receptor location;


           x = the distance from the center of the whole pool to the receptor location;


           L = the total length of the pool; and 

N = the number of small approximately square increments into which the pool is     divided.

ALOHA is used to calculate the heat radiation from a circular pool with a surface area equivalent to the incremental pool size selected for the approximation.  

If qi is the heat radiation for one incremental pool, for N pool increments of equal area comprising the full pool, the total radiation, q, is: 


q = qi x 
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where:

xi = distance from rectangle "i" to the receptor location (estimated using the Pythagorean Theorem).
For example for eleven rectangles (N=11), the expression for the total radiation at the receptor location is:
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Where:         A = Total area of rectangular pool (ft2); A is equal to L x W



L = Total length of rectangular pool (ft)



W = Total width of rectangular pool (ft)



x = Distance from middle of rectangle to receptor (ft).

Note the “2” in front of the last five terms in the equation above represents the fact that 2 rectangles on either side of the middle rectangle are equal distance from it, and will have equal heat radiation impacts at the receptor location.  The denominator of the last 5 terms in the equation uses the Pythagorean Theorem to calculate the distance from the individual rectangular pools.


3.4.6
Effects of Product Characteristics on Pool Fire Heat Radiation Impacts

Individual liquid properties can affect the heat radiation impacts from a pool fire.  The primary distinction of interest for the Protocol is between crude oil and refined products.  In addition to being generally harder to ignite, crude oil burns with a sootier flame, which tends to reduce the amount of heat radiated by the flame.  In general, a crude oil fire should pose a lesser hazard at a given distance than gasoline, and other refined products, other conditions being equal.   

This effect is captured in the fraction of the heat of combustion that is emitted by a fire as heat radiation.  The ALOHA User’s Manual does not indicate the heat radiation fraction used for liquid pool fire modeling (ALOHA 2006a).  The OCAG fire model does provide this information (EPA 1999a).  It was used to estimate potential differences between crude oil and refined product impact distances using additional data from the technical literature (USDOC 2000).
Heat of combustion (Hc) values for various hydrocarbon liquids are provided below in Table 3-1 (USDOC 2000).  
Table 3-1.  Heat of Combustion Data for Selected

Hydrocarbons and Hydrocarbon Liquids

	Substance
	Heat of Combustion (Hc, Btu/lb)
	Heat of Combustion (Hc, J/kg)

	Crude Oil
	18,357
	42,600,000

	No.2  Diesel Fuel
	17,107
	39,700,000

	Gasoline
	18,831
	43,700,000

	Hexane
	19,262
	44,700,000

	Heptane
	19,219
	44,600,000

	JP-4 jet fuel
	18,745
	43,500,000

	JP-5 jet fuel
	18,529
	43,000,000

	Kerosene
	18,615
	43,200,000

	Pentane
	19,391
	45,000,000


Source:  US Department of Commerce (USDOC 2000)

An f-value can overestimate the pool fire heat radiation levels for larger diameter pool fires and for liquid hydrocarbons that generate an appreciable amount of smoke which tends to block the heat radiated from the luminous flame zone of the fire, thus reducing the heat radiation impacts significantly (Lees 1996).  Crude oil reduces the heat radiation emitted more than refined products, on average.  Therefore, this Protocol proposes the use of f-values presented in a U.S. Department of Commerce document entitled “Heat radiation from Large Pool Fires” which cites that up to 20% of the mass of the fuel is converted to smoke for large diameter fires (USDOC 2000).  In that document and Lees, f used in pool fire heat radiation equations has been shown to be a function of the pool fire diameter and the type of hydrocarbon liquid being combusted.  Experimental data have show that larger diameter pool fires result in lower values of f as shown in Figure 3-3, which was adapted from data presented in the U.S. Department of Commerce report and Lees.  The crude oil fire data show lower values of f than refined products for the same pool fire diameter.  
Table 3-2 shows estimated f-values for refined products and crude oil, based on the curve fit correlations shown in Figure 3-3.  For pool diameters greater than 33 ft (10 meters) the recommended value for f in this Protocol is assumed constant due to the lack of experimental data for pool fire diameters greater than 33 ft (10 meters).  These data can be used to adjust the pool fire heat radiation impact distances shown in Volume 1 values to account for differences between crude oil and refined products, as explained in the following discussion. 
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Source:  Adapted from (USDOC 2000) and (Lees 1996).

Figure 3-3.  Experimental Data for Fraction of Heat Radiated as a 

Function of Pool Fire Diameter

Table 3-2.  Suggested Values for Fraction of Heat of Combustion Radiated (f) for Refined Product and Crude Oil Pool Fires
	Pool Diameter (D, meters)
	Pool Diameter

(ft)
	f = 0.35 exp(-0.05D)
	f = 0.18 exp(-0.06D)

	
	
	Refined Products

(e.g., gasoline, diesel, jet fuel)
	Crude Oil

	1.5
	5
	0.32
	0.16

	3.0
	10
	0.30
	0.15

	6.1
	20
	0.26
	0.12

	9.1
	30
	0.22
	0.10

	12.2
	40
	0.22
	0.10

	15.2
	50
	0.22
	0.10

	18.3
	60
	0.22
	0.10

	21.3
	70
	0.22
	0.10

	24.4
	80
	0.22
	0.10

	27.4
	90
	0.22
	0.10

	30.5
	100
	0.22
	0.10


Source:  Adapted from (USDOC 2000) and (Lees 1996).

Equation D-24 of OCAG, which is applicable for liquid pools of substances with boiling points above ambient temperature, can be used to derive a ratio factor between refined products and crude oil for heat radiation impact distances.  That equation gives impact distance for a given size of pool fire of area “A” as: 
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Rearranging the equation in terms of heat radiation, the equation becomes:
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Where:


q = radiation per unit area received by a receptor at a distance “x” from the source; 


x = distance from the source to the receptor 


Hc = heat of combustion for spilled liquid; 

f = fraction of heat of combustion that is radiated from the fire; a function of liquid  pool diameter and the product, as described below for refined product liquids and crude oil;   A = pool area; 


Hv = heat of vaporization; 


Cp = liquid heat capacity;


Tb = normal boiling point temperature; and  


Ta = ambient temperature.

The above equation for “q” can be used to determine the relative impact of a crude oil pool fire compared with a refined products pool fire as a class based on some simple yet reasonable assumptions.  It can be shown that the physical properties of the crude oil and refined products are comparable as a first approximation.  On that basis it can be shown that the ratio between impact distances for crude oil “c” and refined product “r” is given by,



 x(c) / x(r)  =  (f(c) / f(r))0.5 
Using the values of f from Table 3-2 for the small fire (a conservative case)

x(c) / x(r)  = (0.16 / 0.32) 0.5 = (0.5) 0.5 = 0.71
A crude oil fire for the specified pool diameter is estimated to have an impact distance only about 70% that of a refined product for a given level of heat radiation.  This factor can be applied to the pool fire distance data for various heat radiation intensities in Volume 1, Section 4.
3.4.7
Vapor Cloud Explosion Impacts
Under uncommon circumstances a vapor cloud explosion (VCE) could occur when a flammable vapor cloud ignites.  These events are unlikely, based on historical experience, with the petroleum liquids covered here (Lees 1996).  Impacts for VCEs are expressed in terms of a shock wave, overpressure (pounds per square inch pressure or psi) above atmospheric pressure.  Because the density of crude oil and petroleum product vapors is greater than air, the ALOHA VCE module for evaporating pools (puddles) was used to examine various pool sizes of the gasoline surrogate, n-hexane, for VCE explosion impacts.  For an un-congested setting, an overpressure of 1.45 psi (1% mortality) was not encountered for pool sizes between 0 and 600 ft for the conditions modeled.  For comparison the congested case was run.  The congested setting case yielded the results shown in Table 3-3.  There are conditions where the designated overpressures are not reached even under the congested conditions, for these cases.  
Table 3-3. ALOHA Estimated Vapor Cloud Explosion Impact Distance (ft) for Various Simulated Petroleum Product Pool Sizes in Congested Settings
	Pool Diameter (ft)
	25
	50
	100
	200
	300
	400
	500
	600

	Overpressure (psi)
	Impact Distance (ft)

	1.45
	Not reached
	63
	129
	255
	381
	513
	645
	789

	5.7
	Not reached
	33
	81
	168
	273
	369
	474
	597

	13.0
	Not reached
	Not reached
	Not reached
	Not reached
	Not reached
	Not reached
	Not reached
	Not reached


4.0
Pipeline Failure and Product Accidental Release Rates

4.1
Background

The Protocol uses the traditional historical failure rate data approach for estimating the likelihood of equipment failure and accidental product release based on historical data for pipeline failures and releases.  This approach is well documented in the technical literature (e.g., CCPS 1989, CCPS 1993, Lees 1996).  

4.2
Incident Databases

4.2.1 
Pipeline Incident Data

The most comprehensive and publicly accessible databases for gas and liquid pipeline failure events with product releases are those of the U.S. Department of Transportation (DOT), Pipeline and Hazardous Materials Administrations (PHMSA), Office of Pipeline Safety (OPS).  These list reportable “incidents” (gas pipelines) and “accidents” (liquid pipelines) by year, with various specific data fields associated with each event, including location.  All reportable incidents for California were segregated from the nation as whole to generate event rates specific to California.  Raw incident data for California pipelines were obtained from the U.S. Department of Transportation, Office of Pipeline Safety (DOT/OPS) Natural Gas Transmission Incident Database (1984 –2001), the DOT/OPS Natural Gas Distribution Incident Database (1984 - 2001), and the DOT/OPS Hazardous Liquid incident Database (1986 - 2001).  In 2004, reorganization within DOT created the Pipeline and Hazardous Materials Administration (PHMSA), of which OPS became a part.  The current databases provide the number in events per year dating back to the mid-1980s.  Earlier databases go back to 1970.  Because of changes in reporting criteria and technologies, only data from the mid-1980s to the near-present (2000) were used.  Data beyond 2000 were not used because of changes in the database reporting criteria in 2002 and the small benefit relative to the effort of updating.  The trends over such short periods are expected to have negligible impact on risk estimates and to be well within other uncertainties in the resulting risk estimates. 

The databases are available on the PHMSA/OPS website at http://www.phmsa.dot.gov Instructions for downloading the various incident databases are provided on the website.  A separate text file containing a description of the database fields is automatically provided as part of the downloaded package of files for each database.  Database field name descriptions are provided in Section 4.4.  Operators of natural gas transmission and distribution pipeline systems must also file an annual report on their systems’ characteristics, including miles of pipeline by diameter, with the OPS Research and Special Programs Administration (RSPA), as well as a report of each safety incident that meet reporting criteria defined in Title 49, Code of Federal Regulations (CFR), Part 191. These annual reports are also available on the DOT/OPS website referenced above.

For the period covered, the natural gas transmission and distribution incident reports include information on any release of gas from a pipeline that involves a death or personal injury leading to in-patient hospitalization; property damage exceeding $50,000; or if the operator voluntarily determines that the event is significant even though it did not meet the other criteria.  An event that meets any one of these criteria must be reported.  Criteria for reporting hazardous liquid pipeline incidents are: explosion or fire not intentionally set by the operator; loss of more than 50 barrels of liquid or carbon dioxide; escape to the atmosphere of more than five barrels per day of highly volatile liquid; death to any person; bodily harm to any person resulting in loss of consciousness, necessity to carry the person from the scene, or disability which prevents the discharge of normal duties or normal activities beyond the day of the incident; or estimated property damage to the property of the owner, or others or both exceeding $5,000.  Only incidents that meet these criteria are included in the OPS/DOT incident databases. An event that meets any one of these criteria must be reported.

Each record (i.e., row) in the incident databases represents an individual reportable incident.  Attributes (i.e., fields) are the detailed information regarding the incident such as name of the operating company, incident date, state and county where the incident occurred, cause, number of fatalities, number of injuries, amount of property damage, pipe diameter, pipeline pressure, part of the system that failed, etc.  Descriptions of the various attributes for the OPS/DOT incident databases are included at the end of this Appendix.

4.2.2
Pipeline Mileage Data

Natural gas pipeline mileage by California operator was estimated from the year 2000 Annual Report Database maintained by DOT/OPS (http://www.phmsa.dot.gov).  This database contains mileage by operating company for natural gas transmission, gathering, distribution mains and distribution service lines.  Mileage data are also reported by pipe diameter within each of these four categories.

The California State Fire Marshal’s Office (CFSM), which oversees the operation of hazardous liquid pipelines in California, was contacted to obtain mileage data for hazardous liquid pipeline operators in the State of California.  The CSFM provided 2001 mileage data for all hazardous liquid pipelines in California by company name and type of commodity transported in the pipeline
.

Mileage data for natural gas pipelines (obtained from DOT/OPS 2000 Annual Reports for transmission and distribution companies) and hazardous liquid pipelines (obtained from the California State Fire Marshal’s Office for the year 2001) indicates that approximately 101,000 miles of natural gas transmission and distribution main pipelines, and 6100 miles of hazardous liquid pipelines are operated in California.  Approximately 11% of the 101,000 miles of natural gas pipelines is for transmission lines and the remainder distribution mains.  High-pressure gas pipelines (over 80 psig) are typically transmission lines.  However, some gas distribution mains occasionally operation in a gauge that would reach this level or somewhat more.  Within the hazardous liquid category, approximately 51% are crude oil pipelines, 48% are refined product pipelines (gasoline, jet fuel, diesel, turbine fuel, etc.), and less than 1% are “other” types of hazardous liquids.

4.2.3
Normalized Pipeline Incident and Accident Data 
When sufficient pipeline mileage data were available, incident rates were normalized on per mile-year basis to allow comparison of incident rates between pipeline operators.  A summary of the normalized incident rates for natural gas and hazardous liquid pipeline operators that have reported incidents during the periods 1984-2001 (for natural gas pipelines) and 1986-2001 (for hazardous liquid pipelines) are provided in Table 4-1.

Table 4-1.  Normalized Reportable Incident/Accident Rates for California Pipelines

for which Mileage Data were Available (Incidents/mile-yr)
	Company
	Normalized Incident Rate

	Average for Natural Gas Transmission Pipelines (1984-2001) 
	1.2E-04

	G1
	1.0E-04

	G3
	1.4E-04

	G4
	1.1E-03

	Average for Natural by Gathering Pipelines (1984-2001) 
	2.1E-04

	G6
	9.3E-03

	G7
	1.1E-02

	Average for Natural Gas Distribution Main Pipelines (1984-2001)a 
	4.6E-05

	G8
	5.0E-05

	G9
	4.6E-05

	G12
	3.0E-05

	Average for Hazardous Liquid Pipelines (1986-2001, All Commodity Types)c
	1.8E-03

	L2
	6.0E-03

	L5
	2.4E-02

	L6
	1.3E-03

	L7
	2.6E-04

	L8
	3.3E-03

	L11
	1.7E-03

	L12
	1.0E-02

	L14
	2.1E+00

	L16
	2.8E-03

	L24
	3.7E-04

	L27
	1.8E-03

	Average for Hazardous Liquid Pipelines (1986-2001, Crude Oil Pipelines)d
	2.3E-03

	L2
	2.6E-02

	L4
	1.8E-03

	L5
	3.2E-04

	L6
	3.5E-03

	L8
	8.9E-03

	L9
	1.0E-02

	L16
	3.9E-04

	L19
	2.3E-03

	Average for Hazardous Liquid Pipelines (1986-2001, Refined Product Pipelines)e
	1.3E-03

	L1
	1.9E-03

	L3
	3.5E-02

	L4
	4.5E-04

	L5
	2.7E-03

	L8
	2.1e+00

	L10
	7.8E-03

	L15
	3.4E-04

	L17
	1.3E-03


a
Includes pipe size greater than 2 inches in diameter.

b
All incidents were for pipe size less than or equal to 2 inches in diameter, with rate reported as zero.

c
Total mileage obtained from California State Fire Marshall’s Office for all hazardous liquid pipelines in California (as of March 2002).

d
Crude oil mileage obtained from California State Fire Marshall’s Office for all hazardous liquid pipelines in California (as of March 2002).
e
Refined product mileage obtained from California State Fire Marshall’s Office for all hazardous liquid pipelines in California (as of March 2002).

The values in Table 4-1 are used as the source of default incident rates on a per mile-year basis.  Details regarding the evaluation of incident data and development of incident rates are provided in the following sections.  

4.3
Data Analysis Methodology

Natural gas transmission incident data from the period 1984 to 2001 were examined to identify incident that occurred in the State of California.  This subset of California incidents was evaluated further to identify only onshore, pipe-related incidents follows:

· Offshore pipeline incidents were excluded;

· Incidents associated with gathering lines were grouped into a separate category;

· Only pipe related incidents were included.  Incidents associated with regulator/metering systems, compressor stations, and parts of the system identified as “other” were excluded from the data sets for transmission and gathering pipelines; and

· Only incidents associated with “body of pipe”, “welds” and “mechanical joints” were included.  Incidents associated with “fittings’, “valves”, and “other” parts of the pipeline system were excluded.

The final data sets for natural gas transmission and natural gas gathering lines were grouped by operating company, then by pipe diameter and normalized to a incidents per mile-year basis using the pipeline mileage data obtained from the year 2000 annual reports for transmission and gathering line operators.

Likewise, natural gas distribution pipeline incident data for the period 1984 to 2001 were evaluated using similar criteria.

· Incidents for service lines were excluded since these lines are typically <2” diameter and operated at pressures <80 psig; and

· Only incidents for mainline pipe were included.  Incidents associated with metering systems, regulator systems, fittings, valves and “other” parts of the system were excluded.

The final data sets for natural gas distribution mains and natural gas distribution service lines were grouped by operating company, then by pipe diameter and normalized to an incidents per mile-year basis using the pipeline mileage data obtained from the year 2000 annual reports for distribution mains and service line operators.

Hazardous liquid pipeline accident data for California were examined as follows:

· Offshore incidents were excluded;

· Only line pipe incidents were included.  Incidents identified as being associated with “bolted fittings”, “other”, “scraper tap”, “valve” and “welded fitting” were excluded;

· The resulting data set was grouped by commodity type into two categories:  crude oil and refined product [gasoline, jet fuel, diesel, turbine fuel, oil with gasoline, and transmix (partially refined oil)].  In addition, incidents for all commodity types were also evaluated as a group.  No incidents in California for commodity types other than those listed above were reported in the 1986 to 2001 incident database, with the exception of four incidents where the commodity type was identified as “not given.”  These four incidents were included in the data set for all hazardous liquid pipelines, but excluded from the data sets for crude oil and refined product incidents.  The final data sets for all commodity types, crude oil and refined product line pipe incidents were grouped by operating company and were normalized to an incidents per mile-year basis using the 2001 pipeline mileage data by operator and commodity type obtained from the California State Fire Marshal’s Office (CSFM).
It is important to note that the criteria that companies must follow for reporting incidents to DOT/OPS for inclusion in the natural gas transmission and distribution databases different than the criteria for the hazardous liquid pipeline operators, so that direct comparison of incident rates for these two groups is not meaningful.

4.3.1
Natural Gas Transmission Lines

Incident counts, pipeline mileage, and normalized rates by company and pipe diameter are summarized in Table 4-2 for natural gas transmission pipelines operated in California.  Incident counts are presented for each company that reported 1 or more incidents for the period 1984-2001.  Companies not shown in Table 4-2 had no reportable incidents during this time period.  The pipe diameter groupings were selected based on the mileage groupings provided in the OPS/DOT annual reports database.

Table 4-2.  Reportable Incident Statistics for California Natural Gas Transmission Pipelines

(pipe-related) 1984-2001
	Company a
	Incidents (1984-2001)

	
	<=4"
	>4-10"
	>10-20"
	>20-28"
	>28"
	Total

	G1
	1
	2
	1
	1
	2
	7

	G2
	0
	1
	0
	0
	0
	1

	G3
	0
	4
	5
	2
	2
	13

	G4
	0
	0
	0
	1
	0
	1

	Total Incidents
	1
	7
	6
	4
	4
	22

	Company
	Mileage (2000 OPS Annual Reports, miles)

	
	<=4"
	>4-10"
	>10-20"
	>20-28"
	>28"
	Total

	G1
	21
	855
	999
	462
	1563
	3879

	G2
	No Data
	No Data
	No Data
	No Data
	No Data
	No Data

	G3
	397
	1419
	1400
	422
	1904
	5145

	G4
	0
	4
	11
	32
	2
	49

	All Companies in CA
	440
	2626
	2972
	916
	3559
	10513

	Company
	Normalized Incident Rate (incidents/mi-yr)

	
	<=4"
	>4-10"
	>10-20"
	>20-28"
	>28"
	Total

	G1
	2.6E-03
	1.3E-04
	5.6E-05
	1.2E-04
	7.1E-05
	1.0E-04

	G2
	NC
	NC
	NC
	NC
	NC
	NC

	G3
	0
	1.6E-04
	2.0E-04
	2.6E-04
	5.8E-05
	1.4E-04

	G4
	0
	0
	0
	1.7E-03
	0
	1.1E-03

	Average Normalized Rate
	1.3E-04
	1.5E-04
	1.1E-04
	2.4E-04
	6.2E-05
	1.2E-04


NC = Not calculated.

a  OPS ID number provided in parentheses.
Table 4-2 shows reported a total of 22 incidents for California pipeline operators during the 18-year time period.  Mileage data indicate that Southern California Gas and Pacific gas and Electric operate the majority of natural gas transmission pipeline in California, accounting for 86% of the total mileage reported for all companies in California in 2000.  Total incident rates for these two companies was nearly identical (1.0 x 10-4 incidents/mile-yr for Southern California Gas and 1.4 x 10-4 incidents/mile-yr for Pacific Gas and Electric), and very similar to the overall incident rate for based on mileage for all companies of 1.2 x 10-4 incidents/mile-yr.  The relatively small number of incidents for any given company and category of pipe diameter makes it difficult make any meaningful comparison of rates by pipe diameter; however, the overall incident rates by pipe diameter were lowest for pipe >28 inches in diameter.  
4.3.2
Natural Gas Gathering Lines 

Incidents statistics for natural gas gathering lines are summarized in Table 4-3.  Only 3 incidents for three companies were reported in California during this time period; however, the total mileage for all companies operating gathering lines was only 780, so the relatively small number of incidents in not surprising.  The overall incident rate for all companies in this group was 2.1 x 10-4 incidents/mile-yr. 

4.3.3
Natural Gas Distribution Lines

Incident statistics for distribution main lines are summarized in Table 4-4.  A total of 25 incidents for five companies were reported for distribution mains >2 inches in diameter.  Incidents for pipelines less than or equal to 2 inches in diameter were excluded from the calculation of normalized incident rates.  Incident rates per mile-year for the various reporting companies were very similar, ranging from 3.0 x 10-5 to 5.0 x 10-5, with an overall normalized incident rate for all companies of 4.6 x 10-5.  Incident rates for pipe >12 inches in diameter were approximately an order of magnitude greater than the overall incident rate or incident rates for other pipe \ size categories.
4-3. Reportable Incident Statistics for California Natural Gas Gathering Pipelines

(pipe-related) 1984-2001
	Company a
	Incidents (1984-2001)

	
	<=4"
	>4-10"
	>10-20"
	>20-28"
	>28"
	Total

	G1
	0
	0
	1
	0
	0
	1

	G2
	0
	1
	0
	0
	0
	1

	G3
	0
	0
	1
	0
	0
	1

	Total 
	0
	1
	2
	0
	0
	3

	Company
	Mileage (2000 OPS Annual Reports, miles)

	
	<=4"
	>4-10"
	>10-20"
	>20-28"
	>28"
	Total

	G4
	0
	0
	0
	0
	0
	0

	G5
	0
	6
	0
	0
	0
	6

	G6
	5
	0
	5
	0
	0
	5

	Total All Companies in CA
	256
	432
	92
	0
	0
	780

	Company
	Normalized Incident Rate (incidents/mi-yr)

	
	<=4"
	>4-10"
	>10-20"
	>20-28"
	>28"
	Total

	G7
	NC
	NC
	NC
	NC
	NC
	NC

	G8
	NC
	9.3E-03
	NC
	NC
	NC
	9.3E-03

	G9
	0
	NC
	1.1E-02
	NC
	NC
	1.1E-02

	Average Normalized Rate
	0
	1.3E-04
	1.2E-03
	0
	0
	2.1E-04


NC = Not calculated.

a  OPS ID number provided in parentheses.
Table 4-4.  Reportable Incident Statistics for California Natural Gas Distribution Main Pipelines

(pipe-related) 1984-2001
	Company a
	Incidents (1984-2001)

	
	<=2"
	>2-4"
	>4-8"
	>8-12"
	>12"
	Total (>2" only)

	G1
	7
	7
	6
	0
	1
	14

	G2
	7
	7
	1
	0
	2
	10

	G3
	2
	0
	0
	0
	0
	0

	G4
	1
	0
	0
	0
	0
	0

	G5
	1
	0
	1
	0
	0
	1

	Total
	18
	14
	8
	0
	3
	25

	Company
	Mileage (2000 OPS Annual Reports, miles)

	
	<=2"
	>2-4"
	>4-8"
	>8-12"
	>12"
	Total (>2" only)

	G6
	28,682
	10,881
	3654
	671
	201
	15,407

	G7
	25,774
	8436
	2968
	424
	357
	12,185

	G8
	12
	4
	1
	2
	0
	7

	G9
	No Data
	No Data
	No Data
	No Data
	No Data
	No Data

	G10
	5215
	1347
	365
	64
	61
	1837

	All Companies in CA
	59,995
	21,177
	7124
	1206
	663
	30,170

	Company
	Normalized Incident Rate (incidents/mi-yr)

	
	<=2"
	>2-4"
	>4-8"
	>8-12"
	>12"
	Total (>2" only)

	G11
	1.4E-05
	3.6E-05
	9.1E-05
	0
	2.8E-04
	5.0E-05

	G12
	1.5E-05
	4.6E-05
	1.9E-05
	0
	3.1E-04
	4.6E-05

	G13
	9.3E-03
	0
	0
	0
	0
	0

	G14
	NC
	NC
	NC
	NC
	NC
	NC

	G15
	1.1E-05
	0
	1.5E-04
	0
	0
	3.0E-05

	Average Normalized Rate
	1.7E-05
	3.7E-05
	6.2E-05
	0
	2.5E-04
	4.6E-05


NC = Not calculated.

4.3.4
Hazardous Liquid Pipelines

Incident statistics by company for all hazardous liquid pipelines in California are summarized in Table 4-5.  Incident data by commodity type are summarized in Table 4-6 and   4-7 for crude oil and refined product pipelines, respectively.  Note that the OPS operator ID is also provided in these tables because in some cases, the same company has reported incidents under different OPS IDs during the 1986 to 2001 period.

The overall incident rate for all hazardous liquid pipelines for the 16-year period is 1.8 x 10-3 incidents/mile-yr.  Again, it is important to point out that direct comparison of normalized incident rates for natural gas pipelines and hazardous liquid pipelines is not valid due to the differences in incident reporting criteria.  The overall normalized incident rate for crude oil pipelines was 2.3 x 10-3 compared to 1.3 x 10-3 incidents/mile-yr for refined product pipelines.

In many instances, it was not possible to reconcile the operator mileage data with the operator names provided in the OPS incident database or 2001 mileage data were not reported by the CSFM.  In these cases, a normalized incident rate per mile of pipeline could not be estimated and the overall incident rate for “All California Pipelines” in a given category is the recommended default.

Also note that zero California incidents were reported in the DOT Hazardous Liquid Pipeline Incident Database for commodity types other than crude oil and refined products during the 1986-2001 timeframe.  Therefore, normalized incident rates for “other” types of hazardous liquids were not estimated.

Table 4-5.  Reportable Accident Statistics for California Hazardous Liquid Pipelines

(pipe-related, all commodity types), 1986-2001
	Company
	Incidents
	CA

Pipeline

Mileage
	Accident 
Rate

(incidents/mi-yr)

	L1
	3
	201
	9.3E-04

	L2
	12
	124
	6.0E-03

	L5
	4
	10.6
	2.4E-02

	L6
	14
	658
	1.3E-03

	L7
	4
	948
	2.6E-04

	L8
	16
	304
	3.3E-03

	L11
	1
	37
	1.7E-03

	L12
	3
	18
	1.0E-02

	L13
	b
	1956
	NC

	L15
	1
	0.03
	2.1E+00

	L16
	1
	0
	NC

	L17
	1
	22
	2.8E-03

	L25
	5
	838
	3.7E-04

	Average Normalized Rate
	178
	6061a
	1.8E-03


a  Total mileage obtained from California State Fire Marshal’s Office for all hazardous liquid pipelines in California (as of March 2002).

b No incidents reported under the operator name during the 1986-2001 time period. 

NC – Not Calculated
Table 4-6.  Reportable Accident Statistics for California Crude Oil Pipelines

(pipe-related), 1986-2001
	Company
	Incidents
	CA

Pipeline

Mileage
	Accident
Rate

(incidents/mi-yr)

	L1
	3
	201
	9.3E-04

	L2
	9
	22
	2.6E-02

	L3
	1
	No Data
	NC

	L4
	11
	376
	1.8E-03

	L5
	4
	779
	3.2E-04

	L6
	12
	212
	3.5E-03

	L7
	32
	No Data
	NC

	L8
	1
	7
	8.9E-03

	L9
	3
	18
	1.0E-02

	L10
	2
	No Data
	NC

	L11
	b
	12.3
	NC

	L12
	4
	No Data
	NC

	L13
	1
	No Data
	NC

	L14
	2
	No Data
	NC

	L15
	6
	No Data
	NC

	L16
	15
	No Data
	NC

	L17
	4
	637
	3.9E-04

	L18
	2
	No Data
	NC

	L19
	3
	No Data
	NC

	Average Normalized Rate
	115
	3063 a
	2.3E-03


a  Crude oil mileage obtained from California State Fire Marshal’s Office for all hazardous liquid pipelines in California (as of March 2002).
b  No incidents reported under the operator name during the 1986-2001 time period.

NC – Not Calculated
Table 4-7.  Reportable Accident Statistics for California Refined Product Pipelines

(pipe-related), 1986-2001
	Company
	OPS ID
	Incidents
	CA

Pipeline

Mileage
	Incident

Rate

(incidents/mi-yr)

	L1
	562, 808
	3
	101
	1.9E-03

	L2
	2026, 26125
	3
	No Data
	NC

	L3
	879
	3
	5.4
	3.5E-02

	L4
	31170, 26127
	2
	280
	4.5E-04

	L5
	12627, 26134,
	4
	92
	2.7E-03

	L6
	5522
	2
	No Data
	NC

	L7
	26041
	3
	No Data
	NC

	L8
	-
	b
	1944
	NC

	L9
	26058
	1
	0.03
	2.1E+00

	L10
	26135
	1
	No Data
	NC

	L11
	26136
	1
	8
	7.8E-03

	L12
	26084
	1
	No Data
	NC

	L13
	18519, 18092
	19
	No Data
	NC

	L14
	18273
	1
	No Data
	NC

	L15
	18519
	12
	No Data
	NC

	L16
	19522
	1
	184
	3.4E-04

	L17
	25140
	2
	No Data
	NC

	Average Normalized Rate
	
	59
	2907 a
	1.3E-03


a  Refined product mileage obtained from California State Fire Marshal’s Office for all hazardous liquid pipelines in California (as of March 2002).

b  No incidents reported under the operator name during the 1986-2001 time period.

NC – Not Calculated
4.4
OPS Database Content Example 

The abbreviations for the data field names are shown in the pages at the end of this subsection.  These data have been sorted by part of the system.  These data are the source data for the line pipe failure rates used in the Protocol.  Similar formats apply to gas distribution, gathering, and hazardous liquids lines.

Database Content Example: 

Description of Field Names for the Natural Gas Transmission Incident Database (1984-2001)
Natural Gas Transmission Incidents data file fields

*************************************************************************************

The following table describes the fields in the accompanying TXT file.  The table shows the

field name used by OPS, the data type, the maximum size of the field and a description of 

the field's meaning.  The word "Part" at a description's beginning indicates the part of the

transmission incident report Form RSPA F 7100.2 (3-84) that the field represents.

Note: All dates are YYYYMMDD

*************************************************************************************

FIELD NAME
TYPE 

SIZE 
DESCRIPTION

RPTID     
Integer 
  6
DOT assigned Id number for report (YR + LOG).

OPID      
Integer 
  5
Part 1-1.a. - DOT assigned number for the operator.

NAME      
Text 

 50   Part 1-1.b. - Name of the pipeline operator or company.

ACCTY     
Text 

 25   Part 1-2.a. - Name of city where the incident took place.

ACCNT     
Text 

 25   Part 1-2.a. - Name of county where the incident took place.

ACCST     
Text 

  2
Part 1-2.b. - State where the incident took place. 

ZIP       
Text 

  5
Part 1-2.b. - Zip code where the incident took place.

MPOST     
Text 

 25   Part 1-2.c. - Mile Post/Valve Station.

SURVY     
Text 

 25   Part 1-2.d. - Survey station number.

CLASS     
Integer 
  1
Part 1-2.e. - Class location of the incident as described in 






49 CFR Section 192.5.

SHORE     
Text 

  1
Part 1-2.e. - Did the incident take place offshore? (Y/N)

AREA      
Text 

 20   Part 1-2.e. - Offshore area location

BNUMB     
Text 

  6
Part 1-2.e. - Offshore block number.

OFFST     
Text 

  2
Part 1-2.e. - State near where offshore incident took place.

OCS       
Text 

  1
Part 1-2.e. - Did offshore incident take place on the Outer 






continental shelf? (Y/N)

IFED      
Text 

  1
Part 1-2.f. - Did incident take place on Federal land? (Y/N)

ITYPE     
Text 

  7
Part 1-3. - Incident type; Leak, Rupture, Other

RUPLN     
Real 

4.2
Part 1-3. - Rupture length.

FAT       
Integer 
  3
Part 1-4. - Total fatalities.

INJ       
Integer 
  4
Part 1-4. - Total injuries.

PRPTY     
Integer
  9
Part 1-4. - Property Damage.

OPJUD     
Text

  3
Part 1-4. - Was report submitted because the operator thought






it was significant? (Y/N)

STHH      
Integer 
  3
Part 1-5. - Number of hours that elasped till area was made safe.

STMN      
Integer 
  2
Part 1-5. - Number of minutes that elasped over the number of 






hours till the area was made safe.

TELRT     
Date 

  
Part 1-6. - Date the incident was reported to NRC. (YYYYMMDD)

INPRS     
Real  
 4.2  Part 1-7.a. - Estimated pressure at point and time of incident.   

MXPRS     
Real  
 4.2
Part 1-7.b. - Maximum allowable operating pressure (MAOP in PSIG).

MPEST     
Text

 14
Part 1-7.c. - Max allowable operating pressure was established by






test or by 49 CFR, section 192.619.

TEST      
Real 

4.2
Part 1-7.c. - The test preasure if the MAOP was established by 






test.

DTHH      
Integer 
  4
Part 1-8. - Time the incident took place.  

IDATE     
Date 

      Part 1-8. - Date the incident occured. (YYYYMMDD)

CAUSE      
Text 

 28
Part 2. - Primary cause of the incident; 






- Corrosion,






- Damage by Outside Forces,






- Construction/Material Defect,






- Other. 

PRTLK      
Text
 
 41
Part 4-1. - System on which incident occurred; Transmission 






System, Gathering System, Transmission Line of Distribution 






System.

PRTFL     
Text

 16
Part 4-2. - Where the failure occurred; Body of pipe, Fitting, 






Mechanical Joint, Other, Valve, Weld.

PRTFO     
Text 

 25
Part 4-2. - Text describing Fitting, Weld, or Other for the PRTFL






field, above.

MLKD      
Text

  7
Part 4-3. - Material involved in incident; Steel, Other

MLKDO 
Text 

 25
Part 4-3. - Text describing Other for the MLKD field, above.

PRTSY     
Text

 25
Part 4-4.a. - Part of system involved in incident; Pipeline, 






Regulator/Metering System, Compressor Station, Other.

PRTSO     
Text 

 25   Part 4-4.a. - Text describing Other for field PRTSY, above.

PRTYR     
Integer 
  4
Part 4-4.b. - Year the part was installed.

NMDIA     
Real 

4.2
Part 5-1. - Nominal Pipe Size (NPS) (diameter) in inches. 

THK       
Real 

4.2
Part 5-2. - Wall thickness in inches.

SPEC      
Text 

 20
Part 5-3. - Material specification.

SMYS      
Integer 
  6
Part 5-3. - System maximum yield strength.

SEAM      
Text 

 15
Part 5-4. - Seam type.

VALVE

Text 

 15
Part 5-5. - Valve type.

MANU

Text 

 40
Part 5-6. - Manufacturer's name.

MANYR     
Integer 
  4
Part 5-6. - Year manufactured.

LOCLK     
Text

 27
Part 6. -  Environment where incident occurred; Under Pavement,






Above Ground, Under Ground, Under Water, Other.

LOCLO     
Text  
 25
Part 6. - Text describing Other for field LOCLK, above.

PNAME     
Text 

 60
Part 7. - Incident form Preparer's name and title.

PHONE  
Text 

 10
Part 7. - Incident form Preparer's telephone number.

TELRN     
Text 

 10
Report number of matching NRC telephonic report.

TELID     
Integer 
  6
ID number of matching NRC telephonic report.

DOR       
Date 

  
Date the report was received at DOT. (YYYYMMDD)

*************************************************************************************

The following fields are on the back of the transmission incident report 

Form RSPA F 7100.2 (3-84) 

*************************************************************************************

LOC       
Text
         10
Part A.1. - Location where corrosion occurred; Internally, 






Externally.

DESC      
Text           17
Part A.2. - Visual description of corrosion; Localized Pitting,






General Corrosion, Other.

DESCO     
Text 

   25 Part A.2. - Text describing Other for field DESC, above.    

CAUCR     
Text
          8
Part A.3. - Cause of Corrosion; Galvanic, Other.

CAUCO     
Text  
   25
Part A.3. - Text describing Other for field CAUCR, above.

COAT      
Text

    3
Part A.4. - Pipe Coating Information; Bare, Coated.

PROT      
Text 

    1
Part A.5. - Was corroded pipeline cathodically protected? (Y/N)

CPYR      
Integer 
    4
Part A.5. - Year Cathodic Protection Started. 

CAULK     
Text 

   34
Part B.1. - Primary cause of incident; 






- Damage resulted from action of operator or operator's agent, 






- Damage resulted from action by outside party/third party, 






- Damage by earth movement: Subsidence 






- Damage by earth movement: Landslide /Washout






- Damage by earth movement: Frost






- Damage by earth movement: Other

DMGO

Text 

   25 Part B.1. - Text describing Damage by earth movement: Other for 






field CAULK, above.

NOTIF     
Text 

    1
Part B.2.a - Did operator get prior notification that equipment 






would be used in the area? (Y/N)

NOTDT     
Date  
    
Part B.2.a - Date notified if field NOTIF, above, is "Y". 






(YYYYMMDD)

MARK      
Text  
    1
Part B.2.b - Was pipeline location marked either as a result 






of notification or by markers already in place? (Y/N)

MRKTP     
Text  
   25
Part B.2.b - Specify type of marking if field MARK, above, is "Y".

STAT      
Text  
    1
Part B.2.c - Does a statute or ordinance require the outside 






party to determine whether underground facility(ies) exist? (Y/N)

CAULC     
Text     
 12
Part C.1. - Cause of the construction defect; Construction, 






Material.

CAULO     
Text 

 50
Part C.2. - Description of components other than pipe.

CTEST      
Text 

  1
Part C.3.a. - Was part which leaked tested before incident 






occurred? (Y/N)

TESTD     
Date 

  
Part C.3.a. - Date of test. (YYYYMMDD)

MED       
Text     
  7
Part C.3.b. - Test medium; Water, Gas, Other.

MEDO      
Text 

 25
Part C.3.b. - Text describing Other for field MED, above.

TMPS      
Integer 
  3
Part C.3.c. - Time held at test pressure. (Hours).

LKPS      
Integer 
  4
Part C.3.d. - Estimated test pressure at in   of incident. (psig)

5.0 Geologic Hazards and Pipeline Safety in California

This section examines the issue of geologic hazards in California that directly affect pipeline safety and public schools.  The broad term “geologic hazards” encompasses the broad concept of permanent ground deformation (PGD):  surface faulting, seismically-induced liquefaction that results in ground failure, landslides, and strong ground-motion.  These four geologic hazards have the potential to cause damage to transmission pipelines in California.  

5.1 
Overview of Permanent Ground Deformation

PGD from earthquakes in California is a potential cause for transmission pipeline failure and product release.  The National Science Foundation report entitled “Response of Buried Pipelines Subject to Earthquake Effects” (O’Rourke and Liu, 1999, 249 pages) describes the hazard.   There are numerous other information resources in the technical literature, some of which are listed in the general bibliography of Section 5.3 (CGS 2007). 
PGD is partially accounted for in the regulatory-mandated reporting of gas pipeline incidents and liquid pipeline accidents.  From a statistical hazard perspective, the probability of failure from PGD is already embedded within the general (i.e. background) pipeline failure and product release rate values derived from the OPS reportable incident databases for reportable pipeline incidents and accidents in California.  However, the statewide average probabilities might not always adequately address the geologic hazards at a particular site.  

The Protocol leaves it to the discretion of the risk analyst to determine if additional special local seismic review is warranted and if any other specialized professionals are required in this effort or determining any upwards adjustments to the base pipeline failure probability.  This could involve a special seismic probability and seismically induced pipeline failure and product release analysis, to complement the Protocol’s probability analysis of pipeline releases.

The California Geological Survey (CGS) has hundreds of detailed active fault maps and seismic hazard zone maps that provide specific geologic information that may help in this effort. A trigger for special review may be if a pipeline segment within 1,500 feet of the school site is located in a Special Study zone and situated where the potential severity of the four PGD hazards might pose a credible failure and release threat. 

As a general guideline, the threshold for consideration of PGD, is a school campus with the potential for Peak Ground Acceleration, PGA ≥0.30g (for 10 percent probability of exceedance in 50 years; statistical return period of ca.475 years) (CGS 2007).  Then PGD would be evaluated for the pipeline right-of-way.   The evaluation would include the potential for and probability of hazard forces of sufficient severity to induce pipeline failure and product release.  If significant relative to the Protocol’s base probability, any additional seismic hazard probability would then be added to the Protocol’s base probability, and the pipeline risk analysis would proceed as described elsewhere in this Protocol. 

5.2 Seismic Hazard Assessments 

The California Geological Survey uses CGS Note 48, Checklist for the Review of Engineering Geology and Seismology Reports for California Public Schools, Hospitals, and Essential Services Buildings.  This two-page checklist provides guidance for the consulting Certified Engineering Geologist and Registered Geotechnical Engineer in preparation of their consulting report.  Note 48 Checklist can be downloaded from the CGS website:  http://www.conservation.ca.gov/cgs.  
The California Department of Education reviews geotechnical reports for geologic hazards and related planning issues when approving new school sites. If these Reports have been completed for the proposed school site (or other projects nearby), they would provide information to the Pipeline Risk analysis.  However, in many cases the Pipeline Risk Analysis will be conducted before such Geotechnical reports are available. The following provides further information about other resources available in determining if further geologic review is necessary.

5.3 Data and Information Resources on California Earthquake Activity
The State of California provides significant technical resources to support evaluations of earthquake activity in the state. 


Active Faults

The State Geologist has authority under the Alquist-Priolo Earthquake Fault Zoning Act to prepare official maps of active faults in California.  Since 1973, the California Geological Survey has issued 547+ official quadrangles statewide.  For further information on the Alquist-Priolo Act, refer to CGS Special Publication 42 (Hart and Bryant, 1999).  This publication is posted on the CGS website.  It contains the full text of the Alquist-Priolo Act and has statewide index maps of the official quadrangles for active faults.  

Liquefaction and Landslides
The California Geological Survey has evaluated more than 120 quadrangles for seismically induced liquefaction and landslides under the Seismic Hazards Mapping Act of 1990.  Refer to CGS Special Publication 117, Guidelines for Evaluating and Mitigating Seismic Hazards in California.  These official maps are posted on the CGS website.  

Earthquake Ground Motion in California

The latitude and longitude (in decimal degrees) can be determined for the school, then the appropriate geologic subgrade is determined (e.g.,  alluvium, Type SD).  The peak ground acceleration, PGA for the school campus can be determined from these data and other information.  
5.4
General Bibliography for Geologic Hazards and Pipelines in California 
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