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PREFACE

The National Center for Earthquake Engineering Research (NCEER) was established to expand and
disseminate knowledge about earthquakes, improve earthquake-resistant design, and implement
seismic hazard mitigation procedures to minimize loss of lives and property. The emphasis is on
structures in the eastern and central United States and lifelines throughout the country that are found
in zones of low, moderate, and high seismicity.

NCEER’s research and implementation plan in years six through ten (1991-1996) comprises four
interlocked elements, as shown in the figure below. Element I, Basic Research, is carried out to
support projects in the Applied Research area. Element II, Applied Research, is the major focus of
work for years six through ten. Element III, Demonstration Projects, have been planned to support
Applied Research projects, and will be either case studies or regional studies. Element IV,
Implementation, will result from activity in the four Applied Research projects, and from Demonstra-
tion Projects.

ELEMENT I ELEMENT lI ELEMENT Il
BASIC RESEARCH APPLIED RESEARCH DEMONSTRATION PROJECTS
¢ Seismic hazard and * The Building Project Case Studies
ground motion » Active and hybrid control
* The Nonstructural » Hospital and data processing
« Soils and geotechnical Components Project facilities
engineering » Short and medium span bridges
* The Lifelines Project C * Water supply systems in
s Structures and systems Memphis and San Francisco
» The Highway Project Regional Studies
» Risk and reliability ¢ New York City
» Mississippi Valley
* Protective and intelligent * San Francisco Bay Area
systems
« Societal and economic
studies l | | l
A4 \'4
ELEMENT IV
IMPLEMENTATION

Conferences/Workshops
Education/Training courses
Publications

Public Awareness

Research tasks in the Lifeline Project evaluate seismic performance of lifeline systems, and

recommend and implement measures for mitigating the societal risk arising from their failures or

disruption caused by earthquakes. Water delivery, crude oil transmission, gas pipelines, electric power

and telecommunications systems are being studied. Regardless of the specific systems to be

considered, research tasks focus on (1) seismic vulnerability and strengthening; (2) repair and

restoration; (3) risk and reliability; (4) disaster planning; and (5) dissemination of research products.
il



The end products of the Lifeline Project will include technical reports, computer codes and manuals,
design and retrofit guidelines, and recommended procedures for repair and restoration of seismically
damaged systems. The structures and systems program constitutes one of the important arcas of
research in the Lifelines Project. Current tasks include the following:

1. Continued testing of lightly reinforced concrete external joints.

Continued development of analytical tools, such as system identification, idealization, and

computer programs.

Perform parametric studies of building response.

Retrofit of lightly reinforced concrete frames, flat plates and unreinforced masonry.

5. Enhancement of the IDARC (inelastic damage analysis of reinforced concrete) computer
program.

6. Research infilled frames, including the development of an experimental program, develop-
ment of analytical models and response simulation.

7. Investigate the torsional response of symmetrical buildings.

el

This report presents a methodology which a utility can use to fold mitigation for seismic hazards into
its ongoing repair andreplacement program. The methodology was developed specifically for buried
pipeline components within the Southern California Gas Company (SoCalGas) system. Both
transmission and distribution pipeline systems are considered, however, suggested procedures
differ, due in part to the importance and relative lack of redundancy (i.e., interconnectedness) for
transmission pipe.

In the past, the SoCalGas repair and replacement program focused on corrosion damage. The new
methodology incorporates potential seismic damage as characterized by areas of potential ground
failure. As part of this effort, a new procedure for estimating corrosion leakage rates in "data-poor”
areas is proposed.

The report describes realistic mitigation procedures for buried pipeline components which is one of
the objectives of NCEER's Lifeline Project.
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ABSTRACT

This report completes the review of procedures used by the Southern California Gas
Company to optimize decisions on pipeline replacement and repair. In addition to
discussions with the Engineering Design Department, meetings were also held with
representatives from System Planning, Transmission and Distribution. This study
was conducted as a joint effort between EQE International and Cornell University.
Partial support for this effort was received from the National Center for Earthquake

Engineering Research.

This report is comprised of two major parts: (1} a report that discusses a plan for
consideration of seismic and corrosion risks under a common program, and (2) a
report that summarizes the development of improved corrosion leakage models for

the Southern California Gas Company (Appendix B].
The main conclusions of this report are three-fold:

1. It is possible to develop a consistent, company-wide pipe
repair/replacement methodology based on minimizing expected costs
from corrosion-related failures, and increasing the seismic resistance and
safety of the system. For Transmission, this program is based on refining
the delineation of areas of potential ground failure (i.e., liquefaction) that
are responsible for the majority of the seismic risk. For Distribution, this
program is based on using EPOCH (a computer program developed by
Distribution tc optimize economic decisions on pipe repair/replacement
based on corrosion risksj as a major element; additional criteria are
applied afterward to decide whether pipes initially identified for repair
should be replaced for seismic hazard mitigation purposes.

2. Current methods for predicting pipeline leakage based on corrosion
failures appear to be adequate when sufficient repair data are available.
Improvements can be made by incorporating the "age dependent” model
developed in this study that allows for prediction of leakage rates based
on one or two data points. An analysis of repair data found that a key
parameter in establishing future corrosion leak rates is the age at which

the first ieak is discovered. When spurious data were removed from the



data set, it was observed that the rate of increase of leak rates increases
with the age at first leak. By incorporating this new parameter, the
assessment of future leakage can be expanded to include more pipe,
such as an additional 19 percent in the pilot study. It must be cautioned,
however, that the analysis performed in this study was for a small area
of the total system. Further investigation of other areas would need to
be performed in order to verify whether the trends observed in this study

are general trends.

. A number of recommendations are made regarding further steps for this
study. The most important recommendation is to extend parts of the
Feasibility study so that (1) a procedure for integrating seismic and
corrosion risks for distribution pipelines can be tested for a small area of
the system, and (2) the details of a more integrated, interdepartmental

program can be developed and tested.
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SECTION 1
INTRODUCTION

As the cost environment within which gas utilities operate becomes more
competitive, issues such as pipe repair versus pipe replacement become more
important. Decisions to automatically replace generalized categories of pipe
without a cost/benefit analysis are rapidly becoming obsolete, primarily because of
excessive costs. At the same time, the ability to assess future risks associated
with pipeline failure are becoming more keenly developed. The use of well-
managed databases has allowed utility companies to examine in detail the
probability or likelihood of experiencing certain kinds of pipe failures. This
information, combined with an assessment of the impact of these failures, has
allowed gas utilities to compare the benefits and risks of adopting alternative
strategies for pipe repair and replacement. In general, the actual strategy for repair
or replacement will depend on the particular characteristics of the utility and the

goals of their replacement program.

In June of 1992, the Southern California Gas Company (SoCalGas) authorized EQE
International and Cornell University to perform an independent assessment of
current SoCalGas pipe repair and replacement strategies. The primary focus of this
program was on risk assessment, and economic and safety issues related to pipe
repair/replacement. Because a large part of this effort dealt with an analysis of
risks associated with earthquakes, partial funding for this project was provided by

the National Center for Earthquake Engineering Research (NCEER).

The intent of this study is to help SoCalGas develop a company-wide strategy for
replacement of current and future steel pipelines within its system. To accomplish
this, the study has been divided into two phases: feasibility and implementation.
This particular report summarizes the feasibility phase in which a general
methodology for making decisions regarding steel pipeline integrity has been
developed. In addition, a portion of this methodology has been applied to a small
area within the SoCalGas system. Whereas the Cornell report emphasizes pipe
repair/replacement for transmission and distribution supply lines, the EQE report
concentrates on distribution pipelines. In the implementation phase, the general

methodology will be refined, tested for additional portions of the system, and
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implemented with SoCalGas engineers as a continuing program to assess pipeline

conditions and set cost-effective priorities for steel pipeline repair and replacement.
The following tasks were performed to meet the objectives of the feasibility phase:

1. Review current programs being used by the Transmission and Distribution

Departments of SoCalGas for prioritizing pipe repair and replacement.

2. Recommend improvements in existing methodologies, and suggest ways
of integrating these improvements to form a more consistent, systematic

approach to planning.

3. Review and refine risk modeis to reflect more accurately the risks

associated with different pipe repair and replacement strategies.

4. Suggest ways of utilizing more detailed information on the location of
potential liquefaction areas in estimating future earthquake risks to

pipelines.

5. Develop a framework for a comprehensive system integrity and pipe
repair/replacement methodology.

in generai, these tasks parallel those completed by Cornell University for
transmission and distribution supply pipelines.

This report is organized into six major sections, including this introduction. Section
2 discusses the interaction of the project team with SoCalGas personnel. A number
of meetings were held between EQE, Professor T.D. O'Rourke of Cornell University
and SoCalGas personnel from the Engineering Design, System Planning,
Transmission and Distribution Departments to discuss the objectives and status of
the various tasks. Section 3 identifies important issues and concerns regarding the
development of a system-wide pipe repair/replacement program. Issues such as
pipe repair vs. replacement, seismic vs. non-seismic risks, and short-term vs. long-
term planning are discussed. Section 4 discusses a general methodology for
combining the risks from various hazards or effects. Separate discussions are given
for transmission and distribution systems. Section 5 presents the major
contribution of the feasibility study, i.e., the development of improved corrosion

leakage models. Using data from a portion of the SoCalGas system, an analysis
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was made of current techniques for predicting future leaks due to corrosion. As a
result of this analysis, several recommendations were made with regard to better
use of the data and new models for estimating corrosion related leakage. The
results of this corrosion study are documented in detail in a separate report that is
attached here as an appendix. Finally, Section 6 recommends future steps in this
study. One important recommendation is to extend the feasibility study to allow for
a more complete integration of risks (i.e., earthquake and corrosion) in establishing
pipe repair and replacement priorities. This analysis would be applied to the same
pilot area selected for the corrosion analysis.
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SECTION 2
INTERACTION WITH SOUTHERN CALIFORNIA GAS COMPANY PERSONNEL

An important part of this project was the interaction between the project team and
SoCalGas personnel. This interaction was important in understanding the priorities
assigned by each SoCalGas department to each of the project tasks. Additionally,
this interaction was used to refine the objectives and scope of critical tasks. The
following subsections discuss the meetings that were held throughout the project,

information that was received from SoCalGas, and the outcome of this interaction.

2.1 PROJECT MEETINGS

Numerous project meetings were heid to solicit input from the various SoCalGas
departments. Meetings held early in the project schedule {August 5 and September
10, 1992) to help define the focus of the study included representatives from
Distribution, Engineering, Planning and Transmission. Several interim meetings
(September 29, and October 12, 1992) emphasized the pilot distribution system
corrosion leakage analysis. Later meetings summarized preliminary project results
and functioned as project status updates (November 10 and December 23, 1992,
and January 19, 1993). Table 2-1 summarizes the general purpose of each
meeting, and lists EQE, SoCaiGas, and Cornell personnel in attendance.

2.2 INFORMATION SUPPLIED BY SOCALGAS

During the course of the project meetings, various documents and studies prepared
by SoCalGas were identified for our review. These documents described current
programs and methodologies used by SoCalGas to prioritize pipeline replacement.
These include:

. Value Chain Analysis of the Pre-WWII Transmission Pipeline

Replacement Program, SoCalGas (Transmission), November,
1991

. Underground Piping System Replacement Assessment, G.E.

Strang, SoCalGas (Engineering), May, 1986



Tabie 2-1

SUMMARY OF PROJECT MANAGERS

MEETING

- DATE ‘GENERAL PURPOSE LOCATION: - § EQE: CORNELL ‘ 'So'CailGasi*‘;
8/5/92 Project Kick-Off SoCalGas - | Eguchi 0O’Rourke Ackart (T)
Meeting Orientation to LA Honegger Becker-Castle (R}
SoCalGas Issues Butier (D)
Conley (D}
Constantine (E)
Gailing (T}
Haynes (E}
Moore (E)
Nose’ (E)
Saad (T)
Sam (E)
Stevens (E)
Wellman (D)
9/10/92 Follow-up to Kick-Off SoCalGas - Eguchi Coniey (D}
Meeting - Refinement LA Honegger Hammer (D)
of Issues/Scope Seligson Mansdorfer (T}
McNorgan (E)
Stevens (E)
Wellman (E)
9/29/92 | Meeting to collect data SoCalGas - | Eguchi Biood (D)
for pilot study Torrance Honegger Conley (D}
{corrosion ieakage) Division Seligson Hammer (D)
Shu Jordan (D)
Moore (E)
10/12/92 | Follow-up meeting to SoCaiGas - | Seligson Blood (D)
refine study area data Torrance Shu Hammer (E)
Division
11/10/92 | Project Team Meeting - EQE - Irvine | Eguchi O’Rourke McNorgan (E)
Status Report Honegger Moore (E)
Seligson
Shu
12/23/92 | Presentation of SoCalGas - | Eguchi Becker-Castle (R)
preliminary results for LA Seligson Conley (D)
pilot study Shu Dowell (E)
Gailing (E)
Haynes (E)
Madariage (E)
Moore (E}
1/19/93 | Discussion for report EQE - irvine | Eguchi Dowell (E)
outline, Confirmation of Seligson
deliverables Shu
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SUMMARY OF PRCJECT MANAGERS

Table 2-1 (Continued)

- MEETING

2-3

| DATE | GENERAL PURPOSE | LOCATION | EQE CORNELL = SoCalGas*
7/8/93 SoCalGas - Eguchi O‘Rourke Becker-Castle (R)

LA Seligson Conley (D)
Gailing (E)
Haynes (E}
McNorgan (E)
Stevens (E}

* Note: (D) = Distribution {E} = Engineering {P) = Planning
(R} = Research {T} = Transmission




. "Engineering Report, Special Pipeline Replacement Program, -
1994 Rate Case”, SoCalGas (Engineering}, June, 1992.

J A sample data sheet and flow chart describing EPOCH
(Efficient Pipeline Operation in a Competitive Habitat), the
economic repair-replace decision-making program under

development by Distribution.

. Annual report for calendar year 1992, Gas Distribution
System.,

In addition, other reference material identified by Transmission staff was provided:

. J.F. Kiefner and P.H. Vieth (1991}, "Methods for Prioritizing
Pipeline Maintenance and Rehabilitation”, Pipeline Risk
Assessment, Rehabilitation and Repair Conference.

. W.E. Martinsen and J.B. Cornwell {1991}, "Use and Misuse of
Historical Pipeline Failure Data”, Pipeline Risk Assessment,

Rehabilitation and Repair Conference.

) W.K. Muhlbauer (1991}, Dow Chemical Company, "RIPS - a
Pipeline Safety Evaluation System”, Pipeline Risk Assessment,

Rehabilitation and Repair Conferencs.

. N.A. Townsend and G.B. Fearnehough (1986), British Gas

Corporation, "Controlling Risk From U.K. Gas Transmission

Pipelines”, 7th Symposium on Line Pipe Research, American
Gas Association.

2.3 OUTCOME OF INTERACTION

As a result of the discussions with various SoCalGas personnel and review of
relevant background material, the project team was able to:

. identify the general framework within which any SoCalGas
pipeline replacement program must operate



. understand replacement programs and strategies currently in

place at SoCalGas, and evaluate current risk assessment

techniques

) identify issues of importance to the various departments (see
Section 3.0)

° identify operational differences between distribution and

transmission that might impact implementation of a uniform
pipe replacement strategy (see Section 3.1)

) understand the linkages between Distribution, Transmission,

and System Planning {see Section 3.3)

e identify areas where the project team might make significant

contributions to existing procedures (see Section 5.0).

One of the more important outcomes of this interaction was the decision to refocus
development efforts from economic modelling to risk assessment. During the initial
stages of this project, it was pointed out that a significant internal effort was being
undertaken by Distribution to develop a computer program capable of making
decisions regarding pipe repair or replacement based on economic considerations.
Because of the proprietary nature of that program, few details were provided to the
project team on the algorithms used to forecast leaks caused by corrosion or the
methods used to calculate costs and benefits. As a result, it was collectively
decided that EQE's efforts should focus on an independent development of
corrosion leakage models, and that recommendations be provided on how best to

utilize the repair data available to SoCalGas engineers.

In order to provide some guidance to SoCalGas on how current methods for pipe
repair/replacement can be integrated with methods that focus on seismic risks, a
general methodology has been developed. This methodology, discussed in Section
4.0, emphasizes a prioritized replacement program for transmission and distribution
supply lines, and an optimization program for pipe repair/replacement for

Distribution built around the current Distribution corrosion program EPOCH.
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SECTION 3
PERCEIVED ISSUES AND CONCERNS

in the course of this project, several issues relevant to the development of a
consistent replacement strategy were identified. It was clear from discussions with
SoCalGas personnel, that the issue of pipe repair and replacement was perceived
differently by the various departments. The departments that are directly impacted
by the issue of pipe repair/replacement include:

. System Planning

. Transmission

» Distribution

) Engineering Design

Addressing the pipe repair/replacement problem from a company-wide basis
requires an understanding of the relevant issues for each department. It is possible
that issues affecting one department may, in fact, not be considered significant by
the other departments. One reason for these differences may be the level of risk
associated with pipeline failure. The risk resulting from failures on transmission
lines, for example, may be considered more significant than a distribution main
failure, thus necessitating a stronger safety component. Another reason for
implementing different replacement strategies may relate to the number and
frequency of repairs made on each system. Because numerous repairs are made to
the distribution system each year, the cost to maintain the system becomes a
critical factor. Therefore, strategies to reduce the overall economic cost of

maintaining the system become more important.

The following discussions underscore some of the major issues that must be
addressed to formulate a company-wide approach to pipe repair/replacement. In
general, these issues fall into three categories: pipe repair versus pipe replacement,

seismic versus non-seismic risks, and varying time frames for planning.

3.1 REPAIR VS. REPLACEMENT

in order to develop a single pipeline replacement methodology that would be

applicable to both transmission and distribution, it is instructive to identify our
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understanding of operational differences with respect to pipeline replacement that

could impact implementation.

3.1.1 Distribution - "Repair vs. Replace”

Routine repair/replacement decisions for Distribution piping are generally reactive -
Distribution responds when a leak is reported or found as part of scheduled surveys.
Serious leaks (Codes 1 and 2) are repaired immediately, or within two weeks, while
less serious leaks (Code 3) that require action within one year, become part of the
"Repair vs. Replace™” decision-making process. That is, pipeline replacement is only
an option for pipeline segments with Code 3 leakage pending. Currently, SoCalGas
is in the process of implementing EPOCH, a computer program which quantifies the
cost of repair and replacement alternatives for Distribution piping. The results of
EPOCH provide the repair/replace decision, as well as a basis for prioritization of
projects.

In response to CPUC suggestions, a limited number of distribution pipeline classes
have been identified for inclusion in a special pipeline replacement program.

Attention by the CPUC Staff to "reportable incidents”
involving main or service failures has increased since
1980. The Staff has suggested planned removal of
"families" of gas facilities unless the company
demonstrates that the "reportable” incident involved
unusual conditions unlikely to be repeated in the future
(Strang, 1986).

Classes slated for replacement include certain plastic services, copper mains and
services, cast iron mains, bare steel main in conduit, and Pre-World War Il supply
lines in urban areas. Replacement priorities have been set according to safety
concerns, continuity of service rand certain economic factors, such as

"... prevention of cost from incidents, judgements and assessments" (Strang, 1986)

3.1.2 Transmission - Prioritized Replacement

For high pressure transmission lines, any failure is a significant incident, and not a
simple leak. Failures are promptly repaired, and replacement is not a viable option
in response to this type of failure. In other words, there is no "routine" pipeline

replacement program for transmission pipelines. Replacements are performed on a
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systematic basis; certain vulnerable or mechanically deficient classes of pipe, or
pipe in areas of perceived seismic hazard have been identified and are scheduled for
long-term replacement. These replacement programs have been authorized by the
CPUC. With regard to pre-World War Il pipe, the Value Chain Analysis report
stated,

As of the early 1980's... it was recognized that the
condition of some of this pipe had deteriorated. Also,
several reports by consultants indicated that the poor
weld quality in pipelines built prior to WWIlI made them
significantly more susceptible to failures during
earthquakes. As a result, the Company sought and
received authorization from the CPUC for capital
expenditures over and above traditional levels to fund a
special replacement program.

Priorities are set based on relative risk and the level of approved funding.
Transmission's approach is, therefore, generally pro-active - replacements are made
in anticipation of possible high cost, high impact failures. Other replacements are
made in response to planning issues, such as anticipated or actual changing

demands.

3.2 SEISMIC VS. NON-SEISMIC RISKS

Because of the difference in the nature of transmission and distribution systems,
different risks will dominate, and failures will have different impacts. Pipeline
failures are generally attributed to one of several causes: corrosion, third party
damage, material failure, construction defects, or seismic loads. These causes may
be grouped into predictable and non-predictable failures. Corrosion effects are
generally predictable, while third party damage, construction defects and material
failure are not. The unpredictable failure modes, are, for the most part, controllable.
The damage caused by seismic loads is certainly quantifiable, but the probability of
occurrence must be taken into consideration as well.

3.2.1 Distribution

Gas distribution systems are usually extensive, highly netted, highly redundant
networks of mostly small diameter, medium pressure pipe. SoCalGas distribution
mains are primarily steel (64.8% as of the end of 1992, according to the annual

3-3



report for calendar year 1992), with the remainder comprised of plastic (35.1%]),
and cast iron (0.01%). Distribution supply lines, which essentially function as
transmission lines, are treated in this discussion as transmission lines. Because
most repairs can be made to low pressure lines while under pressure, leakage or

failure of an individual pipe will have little impact on supply to the surrounding area.

The majority of repairs required by the distribution system are caused by corrosion.
For example, a detailed study of a smalil area within the City of Torrance revealed
that 70% of the repairs made between 1970 and 1991 were attributed to

corrosion. It is reported that

Company-initiated leakage surveys, routine inspection
procedures and pipe replacements in advance of public
improvements largely identify and control hazardous
conditions which deveiop slowly over time. Serious
leaks, which generate immediate hazards, are primarily
related to: 1) materials defects which take years to
cause failure; 2) accidental damage by outside forces;
or 3) significant events initiated by earthquakes (Strang,
1986).

The majority of risks for Distribution i.e., corrosion risks, are being addressed
through the routine pipe repair/replacement program. The remaining risks {(material
deficiencies and earthquake vulnerability) are currently being included qualitatively

under the Special Pipeline Replacement Program.

3.2.2 Transmission

Gas transmission systems are generally non-netted, high pressure systems with
limited redundancy. SoCalGas transmission pipelines are exclusively made of steel,
and are typically large in diameter. The impact of failure of transmission pipelines,
as well as distribution supply lines, may not be insignificant. The transmission
system transports gas from out of state, to and from storage fields, and from local
producers.

The distribution supply system, operating at higher
pressures and larger diameters <than the remainder of
the distribution system>, is operationally critical to
continued supply during peak demands or emergency
conditions. In many cases, these supply lines
constitute single sources of supply to large areas, many
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within the central city, i.e. Hollywood, Beverly Hills
{Strang, 1986).

Corrosion ieakage is not expected to be a problem for SoCalGas transmission lines,
because of the high priority placed on cathodic protection and monitoring. Between
the years of 1983 and 1990, the transmission system averaged oniy 24 leaks per
year, or 0.007 leaks per mile (or 0.004 leaks per km} of pipe per year (SoCalGas,
1991). This can be contrasted to figures for steel without cathodic protection in
the distribution system. For the 12 year period between 1973 and 1984, bare steel
in the distribution system averaged 1.18 repairs per mile (or 0.73 repairs per km)
per year, and coated steel averaged 0.45 repairs per mile (or 0.28 repairs per km)
per year {estimated from data provided in Strang, 1986). The transmission system
suffers corrosion leakage up to 170 times slower than the unprotected steel in the

distribution system.

According to a study by U.K. Gas, rupture of high pressure transmission lines
caused by corrosion is unlikely at stress levels below 58% of SMYS (SoCalGas,

1991), and most of the older SoCaiGas lines are operated well below this threshoid.

The more significant risk to the transmission system are the non-predictable
failures - "sudden failure due to unusual loading conditions, usually earthquakes,
related to poor construction techniques or materials” (SoCalGas, 1991) Certain
pipe classes have been identified as having vulnerable welds. These pipes have
failted in the past under unusual loads. Unusual loading conditions inciude
(SoCalGas, 1991):

. pipeline exposure in cold temperatures causing contraction and

weld failure,

. use of construction equipment over pipelines cracking welds,
) train derailment, and
. earthquake loads.

The risk and impact of failure due to earthquake loads has been addressed
gualitatively by Transmission in the Value Chain Analysis (SoCaiGas, 1991).
Vulnerable ciasses of pipe have been identified for replacement based on location
through identified seismic hazard zones in areas of population concentration, where
the impact of failure would be most significant. Priorities are based on safety, cost,
and reliability of delivery.
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3.3 PLANNING TIME FRAMES

Because Distribution and Transmission are governed by different risks and
replacement procedures, the time frame for replacement planning varies
significantly.

Distribution is primarily concerned with the predictable effects of corrosion, and
time limitations with respect to public works moratoriums. As a result, the time
frame within which Distribution currently operates is five years, as reflected in
EPOCH. Links to the System Planning Department are limited - projects require
System Planning review only if the cost exceeds $200,000 or if the project crosses
divisional boundaries. It is presumed that Distribution consults the "Master Plan” in

designing replacement projects.

On the other hand, because transmission replacement projects involve iarge capital
outlays, it is more closely tied to System Planning. Replacements proceed in
anticipation of infrequent earthquake events, in response to anticipated changing
loads, and in response to construction projects impacting the pipeline right-of-way.
The planning time frame is by necessity, significantly longer than that of
Distribution.
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SECTION 4
GENERAL METHODOLOGY FOR PIPELINE REPLACEMENT DECISIONS

In this section, a general methodology is outlined for making optimal decisions
regarding pipeline replacement. Whereas other parts of this study have focused on
individual methods of quantifying seismic or corrosion-related risks, this section
begins to define how these risks can be balanced in an overall risk reduction
program.

The methodology for optimizing pipeline replacement decisions can be described by
seven basic steps, as diagrammed in Figure 4-1. The basic steps apply to both
Transmission and Distribution, but the implementation will vary depending upon
each department's operation. In each of the first four steps, a weighting factor
{based on guidelines to be developed by EQE, Cornell University and SoCalGas) is
used to facilitate project prioritization. These factors, designated as P (Pipe factor),
D (Demand factor), S (Seismic hazard factor), and O (Other, non-seismic factor) are

described in the following sections.

4.1 PIPELINE REPLACEMENT METHODOLOGY FOR TRANSMISSION

Various transmission pipelines have been identified for replacement through a
systematic review of pipeline class and location. Other factors may be incorporated

into the assessment in a consistent manner.

4.1.1 Review Pipeline Data

This task entails a review of pipeline data for the segment under consideration.
Pipeline material (i.e., weld-type), age, diameter, pressure, and cathodic protection
are all key factors. Additional emphasis would be placed on operational history. A
review of each individual pipeline's operational history might allow for consideration

of poor performers in otherwise acceptable pipe classes.

This step also includes determining whether the pipe segment is considered
vulnerable or mechanically deficient, or falls into a class of pipe included in
previously established long-term replacement programs. All of the information

gathered is used to estimate the pipeline data weighting factor (the "P" factor).



Review
Pipeline Data

Review Systemn Planning Dept'’s
Long Term Goals

Assess Seismic Hazard &
Impact of Outage
v
Assess Other
(Non-Seismic) Risks

Y
Select Replacement
Pipe Type & Pressure

Calculate Replacement

Cost and/or Repair Costs

Calcuiate
Priority Factor

2HD 400nb/SCG-FG41

Figure 4-1: General Methodology for Pipeline Replacement Decisions
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4.1.2 Review System Planning Department’s Long-Term Goals

This phase of the methodology entails checking with System Planning to determine
whether the segment under consideration is within or serves an area of changing
demand, and is scheduled for upsizing, downsizing, or abandonment. Currently, this
data is contained in a hard-copy "Master Plan”. This information is used to select
replacement pressures or diameters, as well as to compute a "Demand” weighting
factor ("D" Factor).

This process could be streamlined with the implementation of Geographic
information System (GIS) methods. A digital map could be developed by System
Planning identifying areas of "Planning Concern”. Such a map would be "dynamic”
and reflect on-going system aiterations, identify areas of expected growth or
deveiopment, and inciude information on expected loads and service requirements.
This map could be made available t¢ Transmission such that a quick on-screen
review would indicate future requirements for any pipe in question. Alternatively, if
the pipe falls within an area of "Planning Concern", it could be a "flag" requiring a

project review by the System Planning Department.

Transmission line replacement is more closely tied to the goals of Planning than
Distribution line replacement. Transmission, by nature, must more directly address
changing regional demands. System Planning Department input during review of
existing lines helps identify the optimal size, pressure and location for a given
pipeline. Possible links to distribution projects should aiso be taken into
consideration. This may be accomplished through examination of hard copy plans,

on-screen maps or direct System Planning Department input.

4.1.3 Assess Seismic Hazard and Impact of Qutage

The main stimulus for transmission line replacement is anticipation of sudden failure
due to seismic hazards. Detailed delineation of these hazards is essential for
development of a multi-risk decision-making procedure. The implementation of this
step presupposes the existence of seismic hazard maps at a scale appropriate for
application to the transmission system. Some mapping has been performed in
previous studies by consultants, but additional maps would be required.
Justification of such expenditures might come in the form of savings gained by

reducing the size of hazard areas as currently identified, and the corresponding
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reduction in the amount of pipe to be replaced. Because a consistent company-
wide approach is preferable, the most likely proponent of systematic hazard
mapping would be the System Planning Department. While the areal extent of
useful maps varies significantly between Transmission and Distribution, a program
to identify hazard areas significant to both systems would, in the long run, save
money as well as improve safety and system reliability.

Possible candidate hazards for mapping include surface fault rupture, liquefaction
susceptibility, landslide, lateral spread, and strong ground shaking. Information is
currently available on the topics of landslide, liqguefaction and surface fault rupture.
Consideration of these seismic hazards, if available in digital form, would be
straightforward to implement. For example, the California Division of Mines and
Geology {CDMG) has an on-going program to map active and potentially-active fauit
traces within the state at a scale of 1 inch = 2,000 feet. These maps are
developed and published under the auspices of the Alquist-Priolo Special Studies
Zone Act of 1972, and are readily available. Such maps could be consulted in hard-
copy map form, or be digitized for automatic on-line overlay. Strong ground shaking

maps, if required, could be deveioped in either probabilistic or scenario-based forms.

For this step in the methodology, available seismic hazard maps are consulted to
determine if the pipe segment under study crosses any of the various hazard zones.
In conjunction with relative pipeline vulnerability data, this information is used to
identify optimal repair/replacement techniques, and replacement material.
Alternatively, the presence of the seismic hazard may activate the requirement for a

review by System Planning.

The impact of pipeline outage is also considered. If the pipeline in question is a
critical transmission or supply line, whose outage would isolate numerous
customers, consideration is given to possible relocation, additional redundancy, or
placement of isolation valves to limit outage and speed restoration. Such an
assessment requires information on service areas, supply, and redundancy. The
seismic hazard information and impact assessment are utilized to develop the

seismic hazard or "S" weighting factor.
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4.1.4 Assess Other Non-Seismic Risks

Additional risks threatening transmission pipelines may be addressed in this step of
the methodology. Although the VCA report dismissed the other identified "unusual
load" risks for the system as a whole, there may be certain pipeline segments
wherein these risks should be considered. Other, as yet unidentified risks, could be
easily added into the assessment as well. Any such conditions would be

incorporated here into the "Other" risk or "O" Factor.

4.1.5 Select Replacement Strateqy

Based on the planning goals, seismic hazard and other risk exposure, an optimal
replacement strategy for the transmission line under review is developed. Possible

strategies include:
® Do not replace at this time

. Do not replace, but perhaps increase monitoring to

track some operational deficiency

. Replace with a specified material, diameter and
pressure to address planning concerns within a certain

time frame

) Relocate pipeline to avoid seismic hazard (that is, install
an alternate line and abandon the more hazardous

route)

. Develop an alternate "creative” replacement solution
including cooperative planning efforts with Distribution.
If the pipeline was subject to a System Planning review,
an alternate replacement solution may have been
suggested. For example, a System Planning review
may indicate that an upgrade of a distribution line
would allow for the abandonment of the transmission
line scheduled for replacement. A cooperative
replacement program would allow for cost savings and

system optimization.
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4.1.6 Calculate Replacement Costs

This task inciudes all the cost calculations. Based on iocal cost data, as well as
information on future public works projects, the cost of the replacement strategy as
specified by the preceding needs and risk assessments is calculated. The results of
this step allow for replacement prioritization that incorporates long-term planning

goals, as well as risk reduction measures.

4.1.7 Calculate Priority Factor

The four weighting factors estimated in tasks 1 - 4 are combined to develop one
overall weighting factor associated with the replacement strategy. This priority
factor allows for the relative ranking of various replacement projects based on the
needs and risk assessment. The development of criteria for the Transmission
priority factor is a critical element in the application of this methodology. Because
of the large expense associated with transmission line replacements, and limited
capital budgets, the priority factor will essentially determine the sequence of
pipeline replacements. For this reason, substantial attention should be given to the
development of guidelines for priority factor calculation, with input and general
approval from System Planning and Engineering Design, as well as Transmission
and Distribution. While the guidelines are expected to vary between the two

operational units, the general approach should be consistent.

4.2 PIPELINE REPLACEMENT METHODOLOGY FOR DISTRIBUTION

The methodology for pipeline replacement for distribution lines is presented in Figure
4-2. The methodology is built around the use of EPOCH, a computer program
developed by Distribution to optimize decisions with respect to repair/replacement
of pipelines affected by corrosion. Additional elements proposed in this study are
steps to insure that opportunities to improve seismic safety through replacement

are not lost. These steps are discussed in the following subsections.
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Code 3 Leak Pending

Review Pipeline Planning and
Hazard Data -
Flag if Located in High Seismic
Hazard Zone or if System
Enhancement Opportunity Exists

System Planning Maps,
Surface Fault Rupture
and Liquefaction
Susceptibility Maps

RUN EPOCH

l |

Replace Repair

is Seismic Hazard or
System Enhancement
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Yes No

] il
Is Cost to Replace
Significantly More Repair

than Cost to Repair?
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Figure 4-2: Procedure for Incorporating Seismic Hazard or System Enhancement Data
inot Pipeline Repair/Replacement Decisions for Distribution
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4.2.1 Review Planning Data

In this step, two types of planning data are reviewed. First, data identifying future
changes to the system are reviewed. When changes are anticipated or planned,
this information may be used by Distribution to help decide when and how

replacement of a particular pipe segment should be accomplished.

In the case of seismic hazards, maps couid be available for planning purposes to
identify opportunities to improve the seismic safety of the system. Based on criteria
that would be established by Engineering and Distribution, any significant benefit,

with respect to seismic safety, resulting from replacement would be noted.

One possible basis for this criteria could be the degree of seismic hazard and the
seismic vulnerability of the pipe segment. Certain combinations of these two
parameters would lead to significant seismic safety benefits through replacement.
The results of this review, combined with the results from EPOCH, could lead to
replacement decisions that incorporate not only economic considerations but safety

considerations as well.

4.2.2 Run EPOCH

In this step, the computer program EPOCH would be run to identify the economic
benefits of repair versus replacement. This analysis would be run with the updated
models for corrosion leakage. Based on the results of this analysis, pipelines would

be classified into one of three categories according to economic considerations:

Pipelines that should be replaced.

2. Pipelines that should be repaired.

3. Pipelines that are marginal, i.e., the cost difference
between the two options is considered small, and the

pipeline could either be replaced or repaired.

In general, the assignment to each of these categories will be based on the
expected costs associated with mitigating the effects of corrosion. Categories 1
and 2 should reflect firm decisions based primarily on minimizing future costs.
Category 3 can result in 1 or 2, with the addition of information on future growth

plans or seismic hazard levels.
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4.2.3 Post-EPOCH Analysis

If the results of EPOCH suggest that the best mitigation option is to replace the
pipe, then replacement incorporates prudent decisions regarding seismic design or

future growth.

If the results of EPOCH indicate that repair rather than replacement is, by far, the
best option or strategy, then seismic design and other considerations should be
postponed until that pipe segment is re-evaluated.

if, however, the resuits of EPOCH fall into category 3, that is, a borderline decision
to repair or replace, then the results of the seismic and planning review could be
used to encourage replacement, if significant benefits would result. If however, no
benefits are identified, repair is warranted. By incorporating this added step,

Distribution will realize the following benefits:

1. Maintain EPOCH as the primary decision tool for
deciding the repair or replacement issue.

2. In marginal cases, decisions can be made to improve

the safety and reliability of the system.

3. The integration of this added step would insure that
Distribution maintains a proactive program to balance

all risks in their evaluations.

In order to test this strategy as an effective method for considering all risks, it is
recommended that this procedure be tested in a small portion of the SoCalGas
service area. In testing this procedure, the results from both the current seismic
study and the corrosion analysis would be used. One possible area for this
evaluation would be the Torrance area on which both the Cornell and EQE studies
have focused.
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SECTION 5
REFINED PREDICTIVE MODELS FOR CORROSION LEAKAGE

During the course of this study, a topic identified by Distribution as requiring further
investigation was the development of a more comprehensive corrosion leakage
model. Although current methods for predicting corrosion ieakage appear to be
effective when sufficient repair data are available, there are numerous cases where

sufficient data do not exist. For these cases, alternative methods were sought.

To evaluate the current procedure utilized by Distribution to project future leakage
due to corrosion, a detailed analysis was performed on a small portion of the
Distribution system. The purpose of this pilot study was to determine if an
alternate model to predict leakage could be developed from available information.
This section presents a brief summary of the pilot study results - the full text of the
report is contained in Appendix B.

5.1 PILOT STUDY DATA

The pilot area chosen was a small area within the City of Torrance. This area was
selected because it is representative of somewhat older areas experiencing
problems related to corrosion. Pipeline maps, including atlas sheets, leak history
and leak detection survey maps were collected for the 5 atlas sheet study area. In
addition, Distribution supplied a detailed data file, extracted from their Leak Repair
Order (LRO) database, that contained repair information recorded for the period
1970-1992.

The majority of recorded main leaks were associated with individual homogeneous
{with respect to age, material, diameter, cathodic protection) pipeline segments. A
comparison of the leak history maps to the LRO data led to the conclusion that the
history maps may provide an incomplete picture of actual segment leakage over
time. Only 66% of noted main repairs from the LRO data were shown on the

plotted history maps.
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5.2 ASSESSMENT OF LINEAR REGRESSION PREDICTION TECHNIQUE

The linear regression technique currently used by Distribution to predict future
pipeline leakage was tested (See Appendix A for an explanation of the Linear
Regression or Least Squares Statistical Method). Cumulative leak rates (cumulative
leaks per 1000 feet of pipe) for individual pipeline segments were plotted versus
pipeline age. (Equivalent leaks per kilometer can be computed by muitiplying leak
rates in thousands of feet by 3.28). A "best-fit" line was developed and plotted, to
predict subsequent leakage. Figure 5-1 provides sample results for pipe installed in
1912. As can be seen in the figure, linear regression techniques yield good
predictions when sufficient data exists. For the test cases, half of the predictions
were within 10% of actual, while 70% were within 27%. The major weakness of
this approach is that future performance predictions cannot be made reliably when

data are limited (i.e., one historic leak occurrence).

5.3 ALTERNATIVE LEAK PREDICTION METHODOLOGY - THE AGE DEPENDENT
MODEL

To enhance prediction in those cases where limited historical leakage exists, an
alternate "age dependent” predictive model was developed, based on the pipeline’s
age at instance of first leak’. It was noted from an analysis of the Torrance data,
that the rate at which leak rates increase tended to increase with age at first leak.
That is, leak rates increased more quickly on older pipe segments than on newer
ones. A regression model relating siope of the leak rate to age at first leak in log-
linear space was developed for several sample classes of pipe. Figure 5-2 presents

a sample model, for steel pipe installed in 1912.

It must be noted here that pipeline segments with high leak rates at younger ages
that were subsequently replaced were removed from this data set. This action is
explained by noting that the modeis being developed would be used on pipe with
normal corrosion performance, i.e., not exhibiting excessive repairs in short

performance periods. In essence, this led to the elimination of all pipe repair data

Note that this leak is the first recorded leak listed in the Leak Repair Order (LRO)
database, which begins after 1970. Leaks that may have been repaired prior to
1970 are not included in the present analysis.
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associated with pipes that had been replaced between 1970 - 1992. Appendix A

discusses more fully the rationale behind this action.

The age dependent model was tested for the same pipeline segments used in the

assessment of linear regression techniques. This comparison is graphically
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Figure 5-2: Age Dependent Leak Rate Model for Steel Pipe Installed in 1912
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displayed in Figure 5-3. This alternative model was shown to be as good as the
linear regression model for segments with extensive leakage histories. The model
was also evaluated for pipeline segments with minimal leakage histories, as shown
in Figure 5-4. This evaluation showed that the model is able to predict leakage
within 15% of actual performance in the majority of cases (2/3) for segments with

limited historical leakage.

5.4 CONCLUSIONS AND RECOMMENDATIONS FROM THE PILOT STUDY

Several conclusions and recommendations resulted from the pilot study assessment

of leakage prediction techniques. These are repeated here:
Conclusions from the Torrance pilot study:

1) The current method of leakage prediction is effective when
sufficient leak data exists (i.e., at least three years with

leakage)

2) Utilizing the leak history maps to represent historical leakage
may underestimate ieakage because the map updating
procedure which entails physical patching often cbscures data,
and reporting practices may have varied over time. Other
sources of data are available, including the Leak Repair Order
database, which inciudes every pipeline repair made since
1970.

3) An alternative method (the age dependent model) for verifying
linear regression predictions and/or estimating pipeline leakage

based on limited leakage data can be developed.
In addition to the above conclusions, the following recommendations are made:

1) Since the pilot area used in this study was relatively small, a
second analysis is recommended to confirm the trends
developed in this first phase. This recommendation should
only be implemented if the ability to estimate future leak rates
based on limited data is important from the standpoint of the
EPOCH program.
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3)

If further study is justified in this area, two areas are
suggested for further study. The first area should be similar,
although larger in size, to the Torrance area analyzed in the
first phase. The purpose of this assessment will be to confirm
the trends observed in the pilot study. In generai, the models
developed would have the most applicability to these older
areas. A second, newer area should be selected to determine
if similar models can be developed for other parts of the

service area.

The same type of analysis could be applied to other pipe
classes. Although most corrosion problems appear to affect
pre-1936 bare pipe without cathodic protection, there are a
limited number of other pipe classes that are also affected by
corrosion. One such candidate pipe class is poorly coated
steel pipe, without cathodic protection, installed between
1941 and 1957.
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SECTION 6
RECOMMENDED REFINEMENTS FOR IMPROVED
DECISION-MAKING CAPABILITIES

In this section, recommended refinements to improve SoCalGas’'s company-wide
replacement decision-making capability are presented. Three areas are highlighted:
Mapping and Records, interaction with System Planning, and Incorporation of

Seismic Risks.

6.1 MAPPING AND RECORDS

During the course of this study, possible improvements for future record keeping
practices as well as several schemes to take advantage of the proposed GIS system

were identified.

It was noted as a result of the Distribution pilot study that the utilization of leak
history maps as the basis of future leakage predictions may be misleading due to
possible incomplete recordation of leaks. Improvements in the record keeping
process may be as simple as developing official guidelines for leak recordation,
including a simple box to check on the leak repair order form. When this data is
entered into the LRO database, it will then be possible to tell if the leak has been

noted on the map, and a reminder generated if it has not.

With the implementation of a SoCalGas GIS, certain features could be incorporated
into the GIS design to enhance operations of Distribution, Transmission and System
Planning. For Distribution record-keeping purposes, the leak history map could be
digitized, and be available for on-screen leak notation. The dynamic quality of the
map would reflect daily activities, and be available to more than one user at a time.
in addition, a database consisting of all information currently in the LRO database
could be linked to the map file, allowing for inspection of detailed leak information
simply by selecting the noted leak location. Eventually, such information could be
tied to EPOCH to allow for retrieval of leakage information on specific pipeline

segments automatically.

The GIS would also be an efficient platform to allow timely review of System

Planning information during the replacement evaluation process. The development
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of digital seismic hazard maps, and various planning maps such as "Master Plan"
maps, load maps, or areas of "Planning Concern” would speed up the review
process. These pianning maps would be "dynamic”, availabie on-line, and able to

reflect on-going system alterations.

6.2 INTERACTION WITH SYSTEM PLANNING

A significant opportunity exists to link the efforts of Transmission and System
Planning, and Distribution and System Planning. For the tasks of recording
proposed changes to the system, or maintaining detailed data on seismic hazards, it
seems appropriate for the System Planning Department to play a key role.
Presumably, detailed data on proposed changes to the system are already being
maintained by System Planning. This information, if available in a convenient
format for all users, could be accessed by the other departments. This would
insure that system information is used consistently by all departments.

With respect to seismic hazard conditions, if detailed maps are developed and
maintained by Planning, decisions regarding opportunities for improving seismic
safety can be made in a consistent manner by all departments. At this point, the

following maps been further investigated:

. Potential Surface Fault Rupture Maps (Alquist-Priolo Fault
Maps)
) Liquefaction Susceptibility or Potential Maps (Refinements

made by Professor T. O'Rourke of Cornell University)

o Maps identifying areas of significant strong ground motion
amplification (e.g., areas overlying soft soils, or deep alluvial

deposits)

6.3 INCORPORATION OF SEISMIC RISKS

An area deserving special attention is the incorporation of seismic risks into
Distribution planning efforts. As outlined in Section 4.2., a methodoiogy for
incorporating seismic risks into the current pipe/replacement format is

recommended. Performing this task would help to insure that not only are
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economic considerations addressed in pipe replacement, but safety and reliability as

well.

It was further recommended that this procedure be tested in the Torrance area
where extensive work has already been performed by the Project Team on seismic

and corrosion problems.
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APPENDIX A
EXPLANATION OF LEAST SQUARES METHOD

If a number of data point pairs (x,y) exist and are assumed to be linearly related, the
"best-fit" line through these points can be determined using a "least squares”
approach. According to the principle of least squares, "... a line provides a good fit
to the data if the vertical distances {deviations) from the observed points are small.
The measure of goodness of fit is the sum of the squares of these deviations. The
best-fit line is then the one having the smallest possible sum of squared deviations"
{(Devore, 1982). In other words, a "least-squares” fit or a simple linear regression
analysis is the process of defining the constants m and b to fill the equation of the
line, y = mx + b, such that the variance between the actual (observed) value of vy,

and the value predicted by the equation is minimized.

In practice, for a given data set {(x1, y1)...(xy, yn)}, the constants defining the

equation of the best-fit line may be determined as follows:

n 2Zxy;j) - (Zx)2y;)

m = , and
nx? - (Ix;)2
2 - m 22X
b =
n

where;

n = number of (x,y) pairs
REF:

Devore, Jay L. (1982), Probability and Statistics for Engineering and the Sciences,

Brooks/Cole Publishing Company, Belmont, California
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APPENDIX B
RESULTS OF DISTRIBUTION STUDY:
“AN ASSESSMENT OF CORROSION LEAKAGE MODELS-APPLICATION TO
SOUTHERN CALIFORNIA GAS COMPANY DISTRIBUTION PIPELINES”

In June of 1992, the Southern California Gas Company (SoCalGas) entered into an
agreement with EQE International and Cornell University to perform an independent
assessment of current SoCalGas pipe repair and replacement strategies. The
overall program focused on risk assessment, economic and safety issues. The
purpose of this particular report is to summarize the project team's investigation of
current SoCalGas leak prediction methods for distribution piping, and to suggest
ways of improving these methods. Other topics related to earthquake risk and
safety, and cost-benefit methods for determining pipe replacement are discussed in
other project reports.

The estimation of future pipeline leaks is a concern shared by many owners and
operators of natural gas distribution systems. The decision to replace or repair a
damaged line often depends upon how the cost to replace compares to the
anticipated costs of future repairs without replacement. Generally, the models that
are used to estimate future leak rates are based on past pipeline repair data.
Statistical models are developed that correlate expected leak rates with pipe
material types, pipe age and corrosion protection. As with most models of this
type, predictions are generally reliable as long as ample data is available.

Some of the factors that contribute to poor pipeline performance or damage are
high soil corrosivities, high pipe-to-soil potentials, mechanical deficiencies, such as
improperly screwed joints, and accidents caused by third party damage. In most
cases, however, the only failures that can reasonably be predicted are corrosion-
related failures.

Modern procedures for corrosion control are generally quite effective. Physical
application of pipe coatings to steel pipe extends the life of the pipe many years.
Cathodic protection applied to bare and coated steel pipes can also mitigate the
effect of corrosion. In addition, many operating companies are installing pipe
whose materials are not susceptible to corrosion, i.e., plastic. In summary,



corrosion failures appear to be limited to older pipes that were installed without

corrosion protection.

The Southern California Gas Company distribution system currently serves 4.65
million customers (P&GJ, 1992) throughout the southern California area. The
company has been in existence since the early 1920s. In these early periods, it
was common for bare steel pipe without cathodic protection to be installed.

In order to address the corrosion problem, Distribution initiated an aggressive
program of cathodic protection and pipe repair and replacement. To determine
whether particular pipe segments ought to be replaced or repaired, SoCalGas has
developed an in-house computer program, Efficient Pipeline Operation in a
Competitive Habitat (EPOCH), that forecasts future leaks and repair costs. The
methodology considers three options using a five-year time frame; pipe
replacement, repair and installation of cathodic protection, and repair without
cathodic protection. An economic analysis compares the estimated costs

associated with each of these options.

One of the areas that has concerned SoCalGas personnel is (1) whether the
company is maximizing the use of all available pipe repair data, and (2) whether
the statistical models that were being developed for use in the EPOCH program
were reasonable predictors of future performance. These issues are addressed in

the present report.

The rest of this appendix comprises five sections. Section B.1 describes the data
received from SoCalGas Distribution. Included is a discussion of available data for
the pilot study area where pipeline repair statistics were analyzed. Section B.2
discusses the development of the pipeline databases. The characteristics of
exposed distribution pipelines in the study area are discussed in detail. Section B.3
reviews the current SoCalGas Distribution procedure for estimating future corrosion
leaks and tests it with data collected in the pilot study area. Section B.4 presents
an alternate corrosion prediction model that incorporates the age of first leak as a
model parameter. The results show that the inclusion of this new parameter in the
development of corrosion prediction models increases the number of cases in which
corrosion predictions can be made. Finally, the major conclusions of this study are
presented along with recommendations to further improve corrosion prediction
modeling for all of SoCalGas's distribution pipelines.
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B.1 DATA RECEIVED FROM SOCALGAS

Data received from SoCalGas may be divided into two categories: general system

information, and information specific to the Torrance study area.

B.1.1 System Information

A review of general system information was performed to determine the relation of
the small study area to the overall system. The primary source of piping
information was a 1986 Engineering Department report entitled "Underground
Piping System Replacement Assessment”. iIncluded in this report is a piping system

breakdown by pipeline family, summarized for non-service facilities in Table B-1.

_ Table B-1 SoCalGas Pipe Families -

(NQf -"“C,llbldinsl Services)

o . W m e e coo o length — Length of
= Pipe e Installation ~Cathodic .- - of Pipe = ' Pipe

Material  Coating ~  Era  Protection (Miles) (Kms) %
Steel Bare Pre-1936 Not Specified 2,285 1,420 6.3
Post-1936 Unprotected 2,897 1,801 8.0
Post-1936 Protected 173 108 0.5
Coated 1936-1949 Not Specified 4,585 2,850 12.6
1949-1971 Unprotected 4,830 3,002 13.3
1949-1971 Protected 9,780 6,078 26.9
Post-1971 Protected 3,625 2,253 10.0
Plastic 8,050 5,003 22.2.
Copper 60 37 0.2
Cast Iron 58 36 0.2
TOTAL MAINS 36,343 22,588
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B.1.2 Torrance Study Area Data

Detailed data for the selected study area within the City of Torrance was provided
by Distribution and the South Coastal Division. The study area was limited to five
SoCalGas atlas sheets - Torrance 9, 10, 15, 16 and 17. The boundary of the study
area is shown on Figure B-1. For each of these atlas sheets, the following mapped

information was collected:

- atlas sheets indicating pipeline material, diameter, date
of installation, cathodic protection (CP) and pressure

- leak history maps (scale: 1 inch = 100 feet}, which
indicate the location and date of repairs attributed to
corrosion, material failure, and construction defects.
(The notation of mechanical leak repairs is optional.)
This map set is updated upon pipe replacement by
physically covering previous information by fastening a
xerox of the revised atlas sheet pipe section directly to
the history map.

- records of recent leak detection surveys

In addition to the mapped information, the SoCaiGas Leak Repair Order (LRO)
database for the 5 listed atlas sheets was provided. The LRO database covers the
years 1970 through 1992, and includes the repair location, leak code, leak cause,
repair date, and miscellaneous pipeline information (diameter, material, year of
installation, main/service, etc.). A total of 491 main leaks are listed for the 5

subject atlas sheets.
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B.2 ANALYSIS OF TORRANCE AREA DATA

The analysis of the Torrance study area required the development of two
complimentary databases; a pipeline segment database and a segment leak
database. The correlation of the two data sets allows for the comparison of pipe
leakage according to material, diameter, age, and unit length.

B.2.1 Development of Pipeline Segment Database

For each atlas sheet, individual pipeline segments were defined to be homogeneous
with respect to pipeline diameter, material, cathodic protection, and age. That is, a
change in material or diameter would be reflected by the definition of a separate
segment. Only mains were included li.e., no service pipe), and pipe coating was
not part of the data available from the collected information. For each segment, the
total length in feet was scaled from the leak history maps. Small index maps
identifying pipeline segment names and locations, as well as a printout of the
pipeline segment database are provided in Appendix C.

A total of approximately 20 miles (32.2 kms) of main are located within the study
area - 26% plastic, 27% steel without CP, and 47% steel with CP. Detailed
descriptions of each pipe group are as follows:

. The plastic pipe in use in this area is primarily 2 inches in
diameter. All plastic piping was installed after 1978.

. Two-thirds of the steel pipe that is currently not under CP was
installed prior to 1936. The remainder was installed prior to
1971, when it became the company standard that all steel
pipe should be coated, and put under CP within one year of
installation.

. Half of the steel pipe with CP was installed prior to 1971, but
information detailing when the segment was actually put under
CP was not among the available data, and may be some time
after installation.

. While no specific coating information was available for the
pipelines in the Torrance area, some generalizations may be
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made according to historic installation practices {Strang,
1986). Pipe installed prior to 1936 may be assumed bare. Al
steel pipe installed after 1971 are required to be cathodically
protected. According to SoCaiGas data, approximately 82%
of steel mains in place, as of the end of 1992, are coated,
while the remaining 18% are bare {SoCalGas Annual Report
for Calendar Year 1992). (The majority of this uncoated pipe
is not cathodically protected.} For installation between the
years of 1936 to 1941, and after 1958, the coated pipe may
be assumed to have a "good" coating, while those put in place
between the years of 1942-1957 may be considered to have
"poor" coating (Strang, 19886).

The distribution of pipe types within the study area may be compared to system-

wide statistics to determine if the selected study area is a representative sample.

° System-wide, 35% of all mains are plastic. Within the

Torrance study area, 26% of mains are piastic.

. The Torrance study area has a higher percentage of steel pipe
under cathodic protection than the system average.
Approximately 56% of steel pipe is under cathodic protection
system-wide (SoCalGas, 1992}, while within the Torrance

area, about 63% of the steel pipe has CP.

. The study area has a higher percentage of older and newer
steel pipe than the system average. Overall, most of the
system (79%) was installed between 1936 and 1970 (Strang,
1986}, while that percentage for the study area is 48%. 8%
of all SoCalGas steel mains were installed prior to 1936 vs.
26% of the steel pipe in the Torrance study area. Similarly,
13% of the system was installed in 1971 or after {Strang,
1986), vs. 26% for the study area.



B.2.2 Leak Assignments

Having identified pipeline segments and their characteristics, it was necessary to
associate leak repairs as reported in the LRQO database with individual pipeline
segments. This required physically locating each repair in the LRO database on the
leak history map or atlas sheet, according to address or location. This task was
facilitated through the use of address map book pages from the City of Torrance,
indicating street addresses for various lots. Verification of leak assignments made
on the basis of location was possible, to some extent, through cross-referencing of
pipeline data tabulated in the LRO database. For example, if the LRO location was
an intersection containing two perpendicular pipes, assignment could usually be
made by matching the pipe diameter or instailation date in the LRO database with
the same information in the pipeline segment database. In this way, virtually ali
main leaks were associated with an individual pipeline segment. A printout of this

leak database is provided in Appendix D. |

Of the 491 main leaks indicated in the LRO database, 32 were uniocatabie. For
some of these repairs, the address/location was a vague description, and the local
pipes were similar enough to make a definitive assignment impossible. In other
cases, repair addresses were physically on a different atlas sheet not included in the
study area. Of the remaining 459 leaks, 70% (322 leaks) were attributed to
corrosion, 1% (5 leaks) to material failure, and 2% (8 leaks) to construction
defects. An additional 19% (88 leaks) were classified as "other” causes. This
category includes mechanical leaks such as thread leaks. The remainder were
classified as "outside or third party damage™ (2%) or "unknown" causes (6%)
which includes cases of repair or replacement when the leak itself was not
physically exposed.

Because the LRO data included all leak repairs made between the years of 1970
and 1992, it was possible to determine pipe characteristics for pipeline segments
that were subsequently replaced. For example, a pipeline segment replaced in
1986 will likely have its history concealed on the leak history map, but the LRO for
years prior to 1986 will indicate the pipeline material, diameter and original
installation date. This information was used to determine the "previous" pipe
information for various pipeline segments, and allowed the "previous” pipeline
segments and their leaks to be included in the leakage analysis. This information is

inciuded in the pipeline segment database in Appendix C.
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B.2.3 Summary of Corrosion Leakage Data

Steel pipeline segments may be grouped into various categories, as follows:
A) Steel pipe under CP
B) Steel pipe without CP, installed pre-1936 (considered bare)

C) Steel pipe without CP, installed between 1936 and 1971
{predominantly coated)
C1} 1936 - 1940, and 1958 - 1970 - "good" coating
C2) 1941 - 1957 - "poor" ¢oating

For the steel pipe, The majority of the 322 corrosion repairs recorded in the LRO
were assigned to Category B pipe (278 repairs, or 86%), making this data set the
most suitable for detailed analysis. The remainder were distributed as follows;

. Category A - 24 repairs (7 %)
) Category C2 - 15 repairs (5%)
. Category C1 - 5 repairs (2%)

B.2.4 Comparison of LRO Data to the Leak History Maps

By physically plotting all listed repairs onto the leak history maps, it was possible to
assess the completeness of the data as plotted by SoCalGas. According to
SoCalGas personnel (personal communication with Mr. Ron Hammer, November,
1992), all repairs of leaks caused by corrosion, material failure, or construction
defects should be posted on the leak history maps (leak causes 1 - 3, 9 and 10,
respectively in the LRO database). Posting of mechanical or joint leaks is optional
(these leaks are included in LRO leak cause 11 - "Other").

To make a comparison between the history maps and the LRO database, only those
pipeline segments whose history for the years 1970 to 1992 is visible on the leak
history maps may be used. That is, only segments that were not replaced during
that time period, and have not had their leak history concealed are included. Of the
322 corrosion leaks included in the LRO database, 178 are on pipeline sections with
visible history. Approximately 66% of these repairs were actually piotted on the

maps by SoCalGas. Percentages according to leak code are as follows:
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. approximately 58 % of all Code 1 ieaks on visibie sections

were noted on the map,
o approximately 69% of all Code 2 leaks, and
° approximately 68% of ail Code 3 leaks.

While few of the repairs within the LRO database were caused by construction
defects or materia! failure, virtually none of the these repairs were indicated on
visible segments. In addition, it appears that only 17% of repairs due to "other"

causes on visible segments are plotted {plotting of these repairs is optional).

It is possible, therefore, that using leak data from the leak history map may provide
an incomplete picture of actual segment leakage over time. While the history maps
do contain information prior to the 1970 start date of the LRO database, it does not

appear that the mapped information is a comprehensive record.

B.2.5 General Approach for Calculating Leak Rates

Cumulative leak rates, or the totai number of historic leaks developed by a pipeline
segment per unit length, can form the basis for the prediction of future pipeline
performance. Using pipeline characteristics and leak data, it was possible to
develop cumulative leak rate histories for individuai pipeline segments, and
alternatively, to group ali pipe of a particular category together tc develop a
"system” leak rate curve for that pipe class. Leak rates were developed according
to pipe age at the time of leak occurrence. For the system analysis, pipe and
associated leaks were aggregated according to the categories listed in Section
B.2.3.
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B.3 ASSESSMENT OF SIMPLE LINEAR REGRESSION APPROACH FOR LEAK
PREDICTION

Currently, the repair/repiace decision-making program utilized by SoCalGas includes
the ability to predict future leakage from available pipeline data. Historical leakage
data is taken from the leak history maps, and a standard least squares fit of the
data is used to project future leakage on individual pipeline segments. This section

discusses the method used to test the validity of this approach.

B.3.1 Test Method

To test the validity of a simple linear regression model for pipeline ieakage, the

following procedure was used:

) Historical leakage from the LRO database was used. This
database is considered t¢ be more comprehensive for post-
1970 data because no data is lost during the map update
process. The database was segregated into two data sets:
data through 1986, and post-1986 data.

J A simple linear regression was performed on the data set
through 1986. Cumulative feak rates (cumuilative leaks per
1,000 feet of pipe) for individual pipeline segments were
plotted versus pipeline age. A "best-fit" line was developed to

predict subsequent leakage.

. Actual post-1986 performance was plotted and compared to

predicted performance.

For the pre-1936 steel pipe data set (accounting for 86% of all corrosion leaks in
the LRO database), 10 non-replaced segments had sufficient data to be included in
the assessment. To be included, pipeline segments had to meet three critical
requirements: 1) the segment must not have been replaced, 2) the segment must
have sufficient data through 1986 to perform a linear regression (at least 2 years
with reported leakage), and 3) actual post-1986 leakage data must exist to
compare to the prediction. Figures B-2 through B-5 present the test results for the

10 segments, in three data sets; pipe installed in 1912 (Figures B-2 and
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B-3), 1913 (Figure B-4) and 1927 (Figure B-5). These three pipe categories
represent roughly 60% of all non-replaced pre-1936 steel pipe. (The remaining

40% is divided among 14 different installation years.)

B.3.2 Results

As shown in the figures, the linear regression technique is a good predictor of
actual performance when sufficient data exists (i.e., more than three data points),
but the accuracy tends to decrease with decreasing data. For the 10 sample
segments, 50% of the predictions at the age of last recorded post-86 leak were
within 10% of the actual performance. Figure B-6 presents the distribution of the
difference between predicted and actual performance for the straight line regression
technique. It should be noted, however, that only pipeline segments with leakage
in at least two years are included in this prediction assessment. No prediction can
be made for segments with only one leak.

B.3.3 Strengths and Weaknesses of Simple Linear Regression Model

Strengths and weaknesses of the linear regression approach may be summarized as

follows:
Strengths:

. With sufficient data, the linear regression modei provides a
good predictor of future pipeline leak rates.

. By incorporating each individual segment's leakage history in
the analysis, it is possible to include localized factors that
might influence leak rates.

° The method is simple to develop and easy to use.

Weaknesses:

. This method can not predict future performance based on
limited data (i.e., 1 data point).

. Accuracy decreases with fewer data points.
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Simple Linear Regression techniques
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» A least squares regression model developed from data on the
leak history maps may not include all available data, and

accuracy of prediction may be reduced.

B.4 DEVELOPMENT OF ALTERNATIVE LEAK PREDICTION METHODOLOGY:
AGE DEPENDENT MODEL

Because the simpie linear regression approach had several weaknesses, the
possibility of developing a suppiemental approach to leak prediction based on
available data was explored. A variety of approaches were taken, and an
alternative leak prediction model was developed. This section describes the
deveiopment of the suppiemental "age dependent” modei. In this particular
context, age is defined as the age of the pipe at the first observed leak. Note, that
the database used in this study begins in 1970; therefore, it is possible that earlier

leaks (before 1970) occurred which were not included in this analysis.

B.4.1 Development of the System Curve

For all pre-1936 steel pipe, the total number of leaks, and the age at which they
occurred were tabulated using the 1970 - 1992 LRO data. Similarly, the total
amount of pipe of a particular age in the ground was determined. For example, a
steel pipeline segment installed in 1913 would contribute to the appropriate steel
family for ages 57 - 79. If listed repairs occurred in 1975, 1980 and 1984, these
leaks would contribute to ages 62, 67, and 71. Pipe that was replaced at some
point during the 22 years of detailed data must be treated somewhat differently. In
order to reflect the fact that the pipe is removed from the ground, the
corresponding data must also be removed from the database. If the example pipe
referenced above was replaced in 19886, its iength would only contribute through

age 73. In addition, its leaks must also be removed following replacement.

Figure B-7 presents cumulative |leak rates versus age for replaced and non-replaced
pre-1936 steel pipe without catholic protection. As is evident in the figure, the
trends reflected by the two categories of pipe are quite different. For the replaced
pipe, the trend reflects a series of upward and downward slopes. In large part, the
downward trends are attributed to pipeline replacement, and associated removal of
data. In addition, the initial cumulative leak rates for replaced pipe {i.e., for ages 45
to 55) are higher than those for non-replaced pipe for the same age range.

B-18



Cumulative Leaks/1000 Feet

Cumulative Leaks/1000 Feet

20
15
10 |
]
L
==
-]
S+ u . nﬂu
B B E
nnu“ ﬂﬂnnﬂﬂ
ﬂﬂ
0 1 i + s+ B i ) \ 1 s
0 10 20 30 40 50 60 70 80 90
Age of Pipe
(A) REPLACED PIPE
25
-]
20
15
&
B
10 +— &
BER
B
]
5 | o
nnm
p® = Emﬂﬂﬂ
0 L [ L i R ' ! 1
0 10 20 30 40 50 60 70 80 90
Age of Pipe
(B) NON-REPLACED PIPE
Figure B-7: Cumulative Corrosion Leak Rates for Pre-1936 Steel Pipe without

Cathodic Protection



According to discussions with SoCalGas personnel, some types of steel pipe
experience rapid increases in repair rates, even at fairly young ages. Because of
these high rates of initial repair, these pipelines were replaced even though the
pipes were quite young. Since the focus of this particular study is to develop
methods to identify when to repair and when to replace pipe based on long-term
data, it was decided to exclude the replaced pipe information. The decision to
replace pipe with extremely high repair rates usually does not require a
sophisticated cost-benefit analysis. @ Where cost-benefit analysis can play a
meaningful role is in deciding whether replacement will offset long-term repair
costs.

It is important to note that the combination of the two curves in Figure B-7 reflect
the total performance of pre-1936 steel pipe in this particular area. It is difficult to
determine whether the higher slopes in the replaced pipe actually reflect leaks that
occurred at earlier pipe ages since the data set that was used in this study only
begins in 1970. In order to resolve this issue, i.e., higher slopes at earlier pipe
ages, it would be prudent to investigate repair data beginning before 1970, and
perhaps data from other parts of the system.

it may be possible that the trends observed in this study are unique to this
particular service area. Therefore, before the models can be used for other areas,
more analysis would have to be performed to justify the current trends and to
determine whether they are system wide. This particular recommendation should
be implemented only if SoCalGas personnel find the ability to estimate future leak
rates based on one or two data points important.

Having plotted individual segment performance for the assessment of the linear
regression model, it was noted that the slope of the best fit line appeared to
increase with increasing age of first leak. That is, it appeared that the rate of
increase in leak rate was higher for leaks striking older pipe. Figure B-8 displays
individual pipeline segment leakage histories for the ten sample segments plotted
with the non-replaced system curve. The general trend appears to be increasing
slope with increasing age at first leak.
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B.4.2 Development of Age Dependent Model

It was clear that the predictive model should capture this variation with age at first
leak, as well as reflect differences in installation practices over time. The resulting
model relates slope of the leak rate to age at first leak, for pipe installed in various
years. For this pilot application, pipe installed in the years 1912, 1913 and 1927
were used to represent pipe in the pre-1936 steel class. (As mentioned before,
these sub-classes represent 60% of ail non-replaced pre-1936 steel pipe without
cathodic protection.)

For each pipeline segment installed in a given year, the slope of the best fit line for
leak rate data through 1986 (developed for the linear regression analysis) was
plotted against age at first leak. This data appeared to be linear in semi-log space,
so a regression analysis was performed to determine the log-linear best fit line. For
the 1912 and 1927 data sets, these lines were determined by 5 and 3 data points,
respectively. Figure B-9 and B-10 present the resultant leak rate models for these
installation years. The 1913 data set produced only 2 data points, which were
deemed insufficient to develop a reliable best-fit line. In this case, the data from
1912, 1913 and 1927 were merged into one data set to develop a generalized leak
rate model to be used in predictions for the 1913 data. This model is presented in
Figure B-11.

B.4.3 Testing of Age Dependent Model

The testing of the age dependent model consisted of two basic tasks: 1) evaluate
the performance of the age dependent model for segments with extensive leakage
history (for which the linear regression model works well), and 2) evaluate its
performance for segments with minimal leakage history (for which no linear
regression model can be developed).

B.4.3.1 EVALUATION OF AGE DEPENDENT MODEL FOR SEGMENTS WITH
EXTENSIVE LEAKAGE HISTORIES

To test the accuracy of the predictive model for segments with extensive leakage,
the same 10 segments used for testing the linear regression model were utilized.
For each pipeline segment, the age at first leak was used to determine the slope of
the predictor line from the age dependent leak models (Figures B-9 through B-11).
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Figure B-9: Age Dependent Leak Rate Model for Steel Pipe Installed in 1912
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Figure B-10: Age Dependent leak Rate Model for Steel Pipe Installed in 1927
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Figure B-11: General Age Dependent Leak Rate Model for Pre-1936 Steel Pipe
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From the point of first leak, a line with this slope was drawn. Figures B-12 through
B-15 present the results of this evaluation. On each figure, the solid line represents
the age dependent mode! prediction, while the dashed line represents the linear
regression prediction.

In most cases, the age dependent model is approximately as good or a better
predictor than the linear regression model. The average difference between actual
and predicted performance for these 10 pipeline segments is 25.7% for the age
dependent model, versus 29.5% for the simple linear regression. Figure B-16
presents the distribution of the difference between predicted and actual
performance for both the age dependent model (solid bars) and the straight line
regression technique (hatched bars).

B.4.3.2 EVALUATION OF AGE DEPENDENT MODEL FOR SEGMENTS WITH
MINIMAL LEAKAGE HISTORIES

While the previous comparison shows that using the age dependent model is
roughly equivalent to using the linear regression model, it only applies to pipeline
segments with leaks in at least two years. For pipeline segments that have just
begun to leak, and have had only one recorded year with leakage, the linear
regression technique can not be used to predict future performance, but the age
dependent model can. Within the current database, the number of such segments
is not insignificant. Figure B-17 shows the distribution of non-replaced pre-1936
steel pipeline segments according to the number of years with leakage (1970 -
1992). As shown in this figure, 45% of the segments could utilize the linear
regression model (i.e., 2 or more years with leakage), and 36% have not vyet
suffered leakage. The remaining 19% have suffered only one leak to date, and
could utilize the age dependent model for future leakage prediction.

Six sample segments (installed in 1912, 1913 and 1927) with one leak in
the years through 1986, and at least one leak after 1986 have been identified. For
these segments, the age dependent model was utilized to predict future leakage.
These predictions are shown in Figures B-18 (pipe installed in 1912), B-19 (1913)
and B-20 (1927). The results of these predictions are, for the most part, fairly
accurate. In fact, in 2/3 of the cases, the predicted leakage is within 15% of
actual performance.
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Figure B-16: Percent Difference Between Predicted and Actual Number of Leaks
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B.5 CONCLUSIONS AND RECOMMENDATIONS

The assessment of pipeline data in the Torrance study area has led to the following

conclusions:

1) The current method of leakage prediction is effective when
sufficient leak data exists (i.e., at least three years with
leakage)

2) Utilizing the leak history maps to represent historical leakage
may underestimate leakage because the map updating
procedure often obscures data, and reporting practices may
have varied over time. Other sources of data are available,
including the Leak Repair Order database, which includes
every pipeline repair made sine 1970.

3) An alternative method (the age dependent model) for verifying
linear regression predictions and/or estimating pipeline leakage
based on limited leakage data can be developed.

In addition to the above conclusions, the following recommendations are made:

1) Since the pilot area used in this study was relatively small, a
second analysis is recommended to confirm the trends
developed in this first phase. This recommendation is
considered significant only if the ability to predict future leaks

based on limited data is considered important.

2) Two areas are suggested for further study. The first area
should be similar, although larger in size, to the Torrance area
analyzed in the first phase. The purpose of this assessment
will be to confirm the trends observed in the pilot study. In
general, the models developed would have the most
applicability to these older areas. A second, newer area
should be selected to determine if similar models can be

developed for other parts of the service area.
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3) The same type of analysis could be applied to other pipe
classes. Although most corrosion problems appear to affect
pre-1936 bare pipe without cathodic protection, there are a
limited number of other pipe classes that are also affected by
corrosion. One such candidate pipe class is poorly coated
steel pipe, without cathodic protection, installed between
1941 and 1957.
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<=-=-ee- CURRENTY PIPELINE INFORMATION ----- =D Kmmmms-- PREVIOUS PIPELINE INFORMATION ------ >

Seg # Pipeline Material Diameter Year Pressure CP Length Material Diameter Year Age at cp
Segment# Installed in feet Installed Repl.
1 Tor 09-1 S 2 7 M Y 825 S 2 13 58 N
2 Tor 09-2 S 3 56 M Y 460
3 Tor 09-2A S 2 18 M N 45
4 Tor 09-3 S 2 13 M N 125
5 Tor 09-3A P 3 85 M N 50
6 Tor 09-4A S 3 76 M Y 195 S 3 12 64 N
7 Tor 09-48B P 2 85 M N 250 S 3 12 73 N
8 Tor 09-4C P 3 85 M N 625 S 3 12 73 N
9 Tor 09-5 p 2 86 M N 275 3 2 13 73 N
10 Tor 09-5A P 2 86 M N 75
11 Tor 09-6 S 2 12 M N 600
12 Tor 09-6A S 2 12 M N 310
13 Tor 09-7 S 1 66 M N 100
14 Tor 09-8 S 2 49 M N 310
15 Tor 09-9 S 2 54 M N 200
16 Tor 09-10 S 3 49 M N 570
17 Tor 09-10A S 3 62 M Y 400 S 3 12 50 N
18 Tor 09-11 S 3 70 M N 350 S 3 12 58 N
19 Tor 09-12 P 2 86 M N 335
20 Tor 09-12A S 2 73 M Y 80
21 Tor 09-13 P 2 90 M N 300 S 2 27 63 N
22 Tor 09-13A S 2 27 M N 185
23 Tor 09-138 S 2 36 M N 1200
24 Tor 09-14 S 6 82 M Y 855 S 6 13 69 N
25 Tor 09-14A S 6 12 M N 810
26 Tor 09-148 S 6 72 M Y 26
27 Tor 09-14C S 6 13 M N 400
28 Tor 09-14D S 6 73 M N 350 S 6 25 48 N
29 Tor 09-14E S 2 45 M N 37
30 Tor 09-15 S 2 73 M Y 300 S 8 12 61 N
31 Tor 09-16 s 2 51 M N 375
32 Tor 09-16A S 2 47 M N 155
33 Tor 09-17 P 2 87 M N 475
34 Tor 09-18 S 8 22 M N 400
35 Tor 09-19 S 4 12 M N 120
36 Tor 09-20 P 1 80 M N 80
37 Tor 09-21 S 8 60 M N 285
38 Tor 09-22 S 2 51 M N 10
39 Tor 09-22A S 2 40 M N 130
40 Tor 09-228 P 2 83 M N 100
41 Tor 09-23 S 3 51 M Y 260
42 Tor 09-24 P 3 89 M N 1025
43 Tor 09-25 P 3 89 M N 900
44 Tor 09-26 S 8 45 M N 260
45 Tor 09-30A S 8 45 M N 50
46 Tor 09-308 S 8 56 M N 10
47 Tor 09-31 S 3 13 M N 90
48 Tor 09-32 S 2 36 M N 20
49 Tor 10-1 S 2 51 M Y 475
50 Tor 10-2 S 2 51 M Y 465
51 Tor 10-3 S 2 51 M Y 630
52 Tor 10-4 S 2 35 M N 460
53 Tor 10-5A S 2 27 M N 75
54 Yor 10-58 S 2 35 M N 85
55 Tor 10-5C S 2 37 M N 100
56 Tor 10-5D S 2 39 M Y 105
57 Tor 10-5E S 2 41 M Y 125
58 Tor 10-5F S 2 56 M Y 120
59 Tor 10-6 P 2 83 M N 500 S 3 24 59 N
60 Tor 10-7 S 2 27 M N 330
61 Yor 10-7A S 2 26 M N 190
62 Tor 10-78 P 2 83 M N 275
63 Tor 10-8 P 2 83 M N 160 S 2 26 57 N



ISR CURRENT PIPELINE INFORMATION ------ =>  Kmmmmeee PREVIOUS PIPELINE INFORMATION ------ >

Seg # Pipeline Material Diameter Year Pressure CP Length Material Diameter Year Age at cp
Segment# Installed in feet Installed Repl.
64 Tor 10-8A S 2 51 M Y 405
65 Tor 10-8B S 2 24 M N s
66 Tor 10-9 P 2 85 M N 250 S 2 24 61 N
67 Tor 10-10 S 8 83 H Y 2205
68 Tor 10-11 S 2 78 M Y 540 S 2 24 54 N
69 Tor 10-12A S 1 43 M N 50
70 Tor 10-128B S 3 28 M N 100
71 Tor 10-12C S 3 27 M N 850
72 Tor 10-12D p 3 82 M N 400 S 2 24 S8 N
73 Tor 10-12€ S 3 74 M Y 265
74 Tor 10-12F S 4 45 M Y 45
75 Tor 10-12G S 3 56 M Y 385
76 Tor 10-12H S 4 45 M N 50
77 Tor 10-121 S 2 13 M Y 500
78 Tor 10-13 P 2 85 M N 715 S 2 28 57 N
79 Tor 10-14 P 2 78 M N 550 S 2 29 49 N
80 Tor 10-14A S 2 39 M N 185
81 Tor 10-15* S 2 27 M N 395
82 Tor 10-15A S 2 29 M N 355
83 Tor 10-16 S 2 24 M N 375
84 Tor 10-16A S 2 17 M N 380
85 Yor 10-17 S 2 25 M N 320
86 Tor 10-18A S 2 17 M N 860
87 Tor 10-188 S 2 74 M Y 50
88 Tor 10-18C S 2 17 M N 20
89 Tor 10-19A S 2 78 M Y 375
90 Tor 10-198 S 2 74 M Y 525 S 2 17 57 N
91 Tor 10-19C S 4 56 M Y 335
92 Tor 10-19D S 2 13 M N 1010
93 Tor 10-20A S 2 17 M N 325
94 Tor 10-208 NO RECORD
95 Tor 10-20C S 2 17 M N 370
96 Tor 10-21 P 2 78 M N 740 S 2 16 62 N
97 Tor 10-22 S 2 75 M Y 325
98 Tor 10-22A S 2 73 M Y 270
99 Tor 10-23 S 2 70 M Y 290
100 Tor 10-23A S 2 73 M Y 430
101 Tor 10-24 S 2 72 M Y 375
102 Tor 10-24A P 3 83 M N 720 S 2 27 56 N
103 Tor 10-25 P 2 8% M N 1125 S 2 27 59 N
104 Tor 10-26 P 2 86 M N 1125 S 2 27 59 N
105 Tor 10-27 P 2 86 M N 1110 S 2 27 59 N
106 Tor 10-28 P 2 85 M N 70
107 Tor 10-29 p 2 86 M N 80
108 Tor 10-30 P 2 86 M N 110
109 Yor 10-31 P 2 86 M N 95
110 Tor 10-32 p 2 86 M N 280
111 Tor 10-33 P 2 81 M N 125
112 Tor 10-34 P 2 86 M N 120
113 Tor 10-35 S 2 66 M N 220
114 Tor 10-35A P 2 86 M N 500 S 2 21 65 N
115 Tor 10-36 S 2 71 M Y 495 S 2 22 49 N
116 Tor 10-37 S 2 38 M N 120
117 Tor 10-37A S 2 19 M N 200
118 Yor 10-378 S 2 18 M N 135
119 Tor 10-38 S 2 45 M N 100
120 Tor 10-39 P 2 78 M N 204 S 3 37 41 N
121 Tor 10-3%9A S 3 12 M N 800
122 Tor 10-40A S 3 45 M Y 465
123 Tor 10-400 p 2 86 M N 1475 S 2 21 65 N
124 Tor 10-40E P 2 78 M N 360 S 2 22 56 N
125 Tor 10-41 S 4 39 M Y 425
126 Tor 10-100 S 2 12 M N 185
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<e--=mo-- CURRENT PIPELINE INFORMATION --~<-:-> <e-v---- PREVIOUS PIPELINE INFORMATION ------ >

Seg # Pipeline Material Diameter Year Pressure CP Length Material Diameter Year Age at cp
Segment# Installed in feet Installed Repl.
127 Tor 10-101 S 4 39 M Y 150
128 Tor 10-1018B S 4 27 M Y 15
129 Tor 10-102 P 2 84 M N 120 S 2 21 63 N
130 Tor 15-1 S 4 71 H Y 500
131 Tor 15-2 P 2 83 M N 475
132 Tor 15-3 ) 2 39 M N 210
133 Tor 15-3A ) 2 27 M N 310
134 Tor 15-38 P 2 91 M N 185
135 Tor 15-3C s 2 51 M Y 390
136 Tor 15-4 S 8 79 H Y 350 S 8 20 59 N
137 Tor 15-4A S 8 45 H N 1320
138 Tor 15-48B S 8 N H Y 225 S 8 24 67 N
139 Tor 15-4C S 8 83 H Y 340
140 Tor 15-5 S 8 85 M Y 290
141 Tor 15-6 S 4 56 M Y 905
142 Tor 15-7 S 2 57 M Y 325
143 Tor 15-7A S 2 78 M Y 310
144 Tor 15-8 S 4 45 M N 24
145 Tor 15-8A S 4 27 H N 1325
146 Tor 15-88 S 2 55 H N 90
147 Tor 15-9 P 2 86 M N 275 S 2 27 59 N
148 Tor 15-9A P 2 84 M N 50
149 Tor 15-10 P 2 86 M N 260 S 2 27 59 N
150 Tor 15-11 S 1 73 M Y 95
151 Tor 15-12 S 2 27 M N 225
152 Tor 15-12A s 2 41 ] N 165
153 Tor 15-128B S 3 24 M N 250
154 Tor 15-12C s 3 12 M N 275
155 Tor 15-120 P 2 84 M N 320
156 Tor 15-13 S 2 12 M N 600
157 Tor 15-14 P 4 91 M N 240
158 Tor 15-14A S 4 51 M Y 150
159 Tor 15-14B S 4 o1 M Y 35
160 Tor 15-14C S 4 73 M Y 110
161 Tor 15-14D S 4 73 M Y 2810
162 Tor 15-15 S 2 24 M N 150
163 Tor 15-158 S 2 13 M N 300
164 Tor 15-16 S 2 51 M Y 236
165 Tor 15-16A S 3 55 M Y 1010
166 Tor 15-168 S 3 56 M Y 340
167 Tor 15-16C P 2 85 M N 149
168 Tor 15-17 S 2 69 M Y 490
169 Tor 15-17A S 2 40 M Y 95
170 Yor 15-178B S 2 46 M Y 95
171 Tor 15-18 S 2 74 M Y 100
172 Tor 15-18A S 2 50 M N 80
173 Tor 15-188 S 2 74 M Y 50
174 Tor 16-1 P 2 86 M N 625 S 2 12 74 N
175 Tor 16-2 P 2 86 M N 250
176 Tor 16-3 S 3 50 M N 40
177 Tor 16-3A S 3 59 M N 55
178 Tor 16-4 S 3 12 M N 495
179 Tor 16-4A S 3 67 M N 35
180 Tor 16-5 S 2 50 M Y 135
181 Tor 16-5A S 2 50 M Y 235
182 Tor 16-58 S 2 67 M Y 25
183 Tor 16-6 S 2 48 M Y 105
184 Tor 16-7 S 2 54 M Y 370
185 Tor 16-7A S 3 13 M Y 50
186 Tor 16-9 ) 2 40 M Y 160
187 Tor 16-10 S 6 82 M Y 435 S 6 13 69 N
188 Tor 16-11 S 6 41 M Y 360
189 Tor 16-11A s 6 84 M Y 25

C-10



K=smme=- CURRENT PIPELINE INFORMATION -==--=--> <=v-=--- PREVIOUS PIPELINE INFORMATION ------ >

Seg # Pipeline Material Diameter Year Pressure CP Length Material Diameter Year Age at cP
Segment# Installed in feet Installed Repl.
190 Tor 16-12 S ) 41 M Y 125
191 Tor 16-13 p 2 86 M N 275 S 4 18 68 N
192 Tor 16-14 S 6 73 M Y 3010 S 4 12 61 N
193 Tor 16-14A S 6 60 M Y 300
194 Tor 16-15 P 4 89 M N 1380 S 4 13 76 N
195 Tor 16-15A S 4 51 M Y 130
196 Tor 16-15B S 6 70 M Y 450
197 Tor 16-16 S 3 12 M N 920
198 Tor 16-16A S 2 70 M Y 160
199 Tor 16-168B S 2 51 M Y 75
200 Tor 16-16C S 2 77 M Y 275 S 2 13 64 N
201 Tor 16-16D S 2 13 M N 210
202 Tor 16-17 P 2 91 M N 900 S 2 13 78 N
203 Tor 16-17A P 2 91 M N 60 s 2 57 34 N
204 Tor 16-18 S 2 74 M Y 860 S 3 13 61 N
205 Tor 16-19 S 2 72 M Y 160
206 Tor 16-19A S 2 N M Y 70
207 Tor 16-20 S 2 72 M Y 275
208 Tor 16-21 p 2 80 M N 1025 S 2 12 68 N
209 Tor 16-21A S 4 58 M Y 610
210 Tor 16-22 S 2 68 M Y 1635
211 Tor 16-23 S 4 50 M Y 1635
212 Tor 16-24 S 2 69 M Y 500
213 Tor 16-25 P 2 86 M N 85
214 Tor 16-26 S 2 69 M Y 880
215 Tor 16-26A S 2 58 M Y 295
216 Tor 16-27 S 2 48 M Y 160
217 Tor 16-28 S 2 74 M Y 275 S 2 13 61 N
218 Tor 16-29 S 2 74 M Y 125
219 Tor 17-1 S 2 68 M Y 240
220 Tor 17-2 P 2 86 M N 75
221 Tor 17-3 p 2 79 M N 700
222 Tor 17-4 S 2 50 M Y 60
223 Tor 17-4A S 2 50 M Y 170
224 Tor 17-4B S 2 48 M Y 135
225 Tor 17-5 p 2 79 M N 300 S 2 23 56 N
226 Tor 17-5A P 2 81 M N 65 S 2 23 58 N
227 Tor 17-6 P 4 81 M N 920 S 4 22 59 N
228 Tor 17-6A S 4 22 M N 570
229 Tor 17-68 S 4 79 M Y 530 S 4 26 53 N
230 Tor 17-6C S 2 79 M Y 330
231 Tor 17-7 S 4 50 M Y 550
232 Yor 17-8 S 2 47 M N 120
233 Tor 17-88 S 3 30 M N 220
233 Tor 17-8A S 3 34 M N 250
234 Tor 17-9 S 4 23 M N 360
235 Tor 17-%A S 4 30 M N 35
236 Tor 17-10 P 2 84 M N 485 S 2 47 37 N
237 Tor 17-11 S 1 43 M Y 450
238 Tor 17-12 S 2 48 M Y 250
239 Tor 17-12A S 2 41 M Y 430
240 Tor 17-13 S 2 13 M N 300
241 Tor 17-13A S 2 59 M Y 185
242 Tor 17-14 S 4 58 M Y 600
263 Tor 17-14A S 2 16 M N 260
244 Tor 17-15 S 2 65 M Y 325
245 Tor 17-16A S 3 79 M Y 15
246 Tor 17-168 S 3 69 M Y 845
247 Tor 17-16E S 1 70 M Y 100
248 Tor 17-16F p 2 87 M N 225
249 Tor 17-17 P 2 78 M N 900 S 2 16 62 N
250 Tor 17-18 S 2 41 M Y 415
251 Tor 17-19 S 2 42 M Y 465
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Seg # Pipeline Material Diameter Year Pressure CP Length Material Diameter Year Age at cp
Segment# Installed in feet Installed Repl.

252 Tor 17-20 S 2 48 M Y 540
253 Tor 17-20A S 2 52 M Y 120
254 Tor 17-208 S 2 49 M Y 100
255 Tor 17-21 P 2 82 M N 240
256 Tor 17-22 P 2 85 M N 1200
257 Tor 17-23 S 3 49 M Y 1200
258 Tor 17-24 S 2 50 M Y 350
259 Tor 17-24A S 3 49 M Y 170
260 Tor 17-24B S 3 56 M Y 350
261 Tor 17-25 S 3 49 M Y 250
262 Tor 17-25A S 2 62 M Y 120
263 Tor 17-26 S 2 72 M Y 260

264 Tor 17-27* P 2 88 M N 590 ) 2 13 75 N
265 Tor 17-27A S 2 65 M N 50
266 Tor 17-278 S 2 13 M N 70
267 Tor 17-28 S 1 65 M Y 325
268 Tor 17-29 S 2 56 M Y 635
269 Tor 17-30 S 6 70 M Y 1165
270 Tor 17-31 S 4 23 M N 775
271 Tor 17-31A S 2 49 M Y 75
272 Tor 17-318 S 2 47 M Y 70

273 Tor 17-31C S 4 81 M Y 30 S 4 49 32 N
274 Tor 17-32 S 8 49 M N 2180
275 Tor 17-32A S 8 81 M Y 150
276 Tor 17-33 S 4 59 M Y 710
277 Tor 17-34 S 3 59 M Y 70
278 Tor 17-35 S 2 52 M N 165
279 Tor 17-36A S 2 49 M N 90
280 Tor 17-368 S 2 47 M N 50
281 Tor 17-40 S 2 22 M N 190
106241
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NATIONAL CENTER FOR EARTHQUAKE ENGINEERING RESEARCH
LIST OF TECHNICAL REPORTS

The National Center for Earthquake Engineering Research (NCEER) publishes technical reports on a variety of subjects related
to earthquake engineering written by authors funded through NCEER. These reports are available from both NCEER's
Publications Department and the National Technical Information Service (NTIS). Requests for reports should be directed to
the Publications Department, National Center for Earthquake Engineering Research, State University of New York at Buffalo,
Red Jacket Quadrangle, Buffalo, New York 14261. Reports can also be requested through NTIS, 5285 Port Royal Road,
Springfield, Virginia 22161. NTIS accession numbers are shown in parenthesis, if available.

NCEER-87-0001

NCEER-87-0002

NCEER-87-0003

NCEER-87-0004

NCEER-87-0005

NCEER-87-0006

NCEER-87-0007

NCEER-87-0008

NCEER-87-0009

NCEER-87-0010

NCEER-87-0011

NCEER-87-0012

NCEER-87-0013

NCEER-87-0014

NCEER-87-0015

"First-Year Program in Research, Education and Technology Transfer,” 3/5/87, (PB88-134275).

"Experimental Evaluation of Instantaneous Optimal Algorithms for Structural Control," by R.C. Lin, T.T.
Soong and A.M. Reinhorn, 4/20/87, (PB88-134341).

"Experimentation Using the Earthquake Simulation Facilities at University at Buffalo," by A.M. Reinhorn
and R.L. Ketter, to be published.

"The System Characteristics and Performance of a Shaking Table," by J.S. Hwang, K.C. Chang and G.C.
Lee, 6/1/87, (PB88-134259). This report is available only through NTIS (see address given above).

"A Finite Element Formulation for Nonlinear Viscoplastic Material Using a Q Model," by O. Gyebi and
G. Dasgupta, 11/2/87, (PB88-213764).

"Symbolic Manipulation Program (SMP) - Algebraic Codes for Two and Three Dimensional Finite
Element Formulations," by X. Lee and G. Dasgupta, 11/9/87, (PB88-218522).

"Instantaneous Optimal Control Laws for Tall Buildings Under Seismic Excitations,"” by J.N. Yang, A.
Akbarpour and P. Ghaemmaghami, 6/10/87, (PB88-134333). This report is only available through NTIS
(see address given above).

"IDARC: Inelastic Damage Analysis of Reinforced Concrete Frame - Shear-Wall Structures," by Y.J.
Park, A.M. Reinhorn and S.K. Kunnath, 7/20/87, (PB88-134325).

"Liquefaction Potential for New York State: A Preliminary Report on Sites in Manhattan and Buffalo,"” by
M. Budhu, V. Vijayakumar, R.F. Giese and L. Baumgras, 8/31/87, (PB88-163704). This report is
available only through NTIS (see address given above).

"Vertical and Torsional Vibration of Foundations in Inhomogeneous Media," by A.S. Veletsos and K. W.
Dotson, 6/1/87, (PB88-134291).

"Seismic Probabilistic Risk Assessment and Seismic Margins Studies for Nuclear Power Plants," by
Howard H.M. Hwang, 6/15/87, (PB88-134267).

"Parametric Studies of Frequency Response of Secondary Systems Under Ground-Acceleration
Excitations," by Y. Yong and Y .K. Lin, 6/10/87, (PB88-134309).

"Frequency Response of Secondary Systems Under Seismic Excitation,” by J.A. HoLung, J. Cai and Y.K.
Lin, 7/31/87, (PB88-134317).

"Modelling Earthquake Ground Motions in Seismically Active Regions Using Parametric Time Series
Methods," by G.W. Ellis and A.S. Cakmak, 8/25/87, (PB88-134283).

"Detection and Assessment of Seismic Structural Damage,” by E. DiPasquale and A.S. Cakmak, 8/25/87,
(PB88-163712).
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"Pipeline Experiment at Parkfield, California," by J. Isenberg and E. Richardson, 9/15/87, (PB&8-163720).
This report is available only through NTIS (see address given above).

"Digital Simulation of Seismic Ground Motion," by M. Shinozuka, G. Deodatis and T. Harada, 8/31/87,
(PB88-155197). This report is available only through NTIS (see address given above).

"Practical Considerations for Structural Control: System Uncertainty, System Time Delay and Truncation
of Small Control Forces," J.N. Yang and A. Akbarpour, 8/10/87, (PB88-163738).

"Modal Analysis of Nonclassically Damped Structural Systems Using Canonical Transformation," by I.N.
Yang, S. Sarkani and F.X. Long, 9/27/87, (PB88-187851).

"A Nonstationary Solution in Random Vibration Theory," by J.R. Red-Horse and P.D. Spanos, 11/3/87,
(PB88-163746).

"Horizontal Impedances for Radially Inhomogeneous Viscoelastic Soil Layers,” by A.S. Veletsos and
K.W. Dotson, 10/15/87, (PB88-150859).

"Seismic Damage Assessment of Reinforced Concrete Members,” by Y.S. Chung, C. Meyer and M.
Shinozuka, 10/9/87, (PB88-150867). This report is available only through NTIS (see address given above).

"Active Structural Control in Civil Engineering," by T.T. Soong, 11/11/87, (PB88-187778).

"Vertical and Torsional Impedances for Radially Inhomogeneous Viscoelastic Soil Layers," by K.W.
Dotson and A.S. Veletsos, 12/87, (PB88-187786).

"Proceedings from the Symposium on Seismic Hazards, Ground Motions, Soil-Liquefaction and
Engineering Practice in Eastern North America," October 20-22, 1987, edited by K.H. Jacob, 12/87,
(PB88-188115).

"Report on the Whittier-Narrows, California, Earthquake of October 1, 1987," by J. Pantelic and A.
Reinhorn, 11/87, (PB88-187752). This report is available only through NTIS (see address given above).

"Design of a Modular Program for Transient Nonlinear Analysis of Large 3-D Building Structures,” by S.
Srivastav and J.F. Abel, 12/30/87, (PB88-187950).

"Second-Year Program in Research, Education and Technology Transfer," 3/8/88, (PB88-219480).
"Workshop on Seismic Computer Analysis and Design of Buildings With Interactive Graphics,” by W.
McGuire, J.F. Abel and C.H. Conley, 1/18/88, (PB88-187760).

"Optimal Control of Nonlinear Flexible Structures,” by J.N. Yang, F.X. Long and D. Wong, 1/22/88,
(PB88-213772).

"Substructuring Techniques in the Time Domain for Primary-Secondary Structural Systems,” by G.D.
Manolis and G. Juhn, 2/10/88, (PB88-213780).

"Iterative Seismic Analysis of Primary-Secondary Systems," by A. Singhal, L.D. Lutes and P.D. Spanos,
2/23/88, (PB88-213798).

"Stochastic Finite Element Expansion for Random Media," by P.D. Spanos and R. Ghanem, 3/14/88,
(PB88-213806).

"Combining Structural Optimization and Structural Control,” by F.Y. Cheng and C.P. Pantelides, 1/10/88,
(PB88-213814).
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"Seismic Performance Assessment of Code-Designed Structures,” by H.H-M. Hwang, J-W. Jaw and H-I.
Shau, 3/20/88, (PB88-219423).

"Reliability Analysis of Code-Designed Structures Under Natural Hazards,"” by H.H-M. Hwang, H. Ushiba
and M. Shinozuka, 2/29/88, (PB88-229471).

"Seismic Fragility Analysis of Shear Wall Structures,” by J-W Jaw and H.H-M. Hwang, 4/30/88, (PB89-
102867).

"Base Isolation of a Multi-Story Building Under a Harmonic Ground Motion - A Comparison of
Performances of Various Systems,” by F-G Fan, G. Ahmadi and I.G. Tadjbakhsh, 5/18/88, (PB89-
122238).

"Seismic Floor Response Spectra for a Combined System by Green's Functions,” by F.M. Lavelle, L.A.
Bergman and P.D. Spanos, 5/1/88, (PB89-102875).

"A New Solution Technique for Randomly Excited Hysteretic Structures," by G.Q. Cai and Y.K. Lin,
5/16/88, (PB89-102883).

"A Study of Radiation Damping and Soil-Structure Interaction Effects in the Centrifuge,” by K. Weissman,
supervised by J.H. Prevost, 5/24/88, (PB89-144703).

"Parameter Identification and Implementation of a Kinematic Plasticity Model for Frictional Soils," by J.H.
Prevost and D.V. Griffiths, to be published.

"Two- and Three- Dimensional Dynamic Finite Element Analyses of the Long Valley Dam,” by D.V.
Griffiths and J.H. Prevost, 6/17/88, (PB89-144711).

"Damage Assessment of Reinforced Concrete Structures in Eastern United States,” by A.M. Reinhorn,
M.J. Seidel, S.K. Kunnath and Y.J. Park, 6/15/88, (PB89-122220).

"Dynamic Compliance of Vertically Loaded Strip Foundations in Multilayered Viscoelastic Soils," by S.
Ahmad and A.S.M. Israil, 6/17/88, (PB89-102891).

"An Experimental Study of Seismic Structural Response With Added Viscoelastic Dampers,” by R.C. Lin,
Z. Liang, T.T. Soong and R.H. Zhang, 6/30/88, (PB89-122212). This report is available only through
NTIS (see address given above).

"Experimental Investigation of Primary - Secondary System Interaction,” by G.D. Manolis, G. Juhn and
A.M. Reinhorn, 5/27/88, (PB89-122204).

"A Response Spectrum Approach For Analysis of Nonclassically Damped Structures,” by J.N. Yang, S.
Sarkani and F.X. Long, 4/22/88, (PB89-102909).

"Seismic Interaction of Structures and Soils: Stochastic Approach,” by A.S. Veletsos and A.M. Prasad,
7/21/88, (PB89-122196).

"Identification of the Serviceability Limit State and Detection of Seismic Structural Damage," by E.
DiPasquale and A.S. Cakmak, 6/15/88, (PB89-122188). This report is available only through NTIS (see

address given above).

"Multi-Hazard Risk Analysis: Case of a Simple Offshore Structure,” by B.K. Bhartia and E.H.
Vanmarcke, 7/21/88, (PB89-145213).

"Automated Seismic Design of Reinforced Concrete Buildings," by Y.S. Chung, C. Meyer and M.
Shinozuka, 7/5/88, (PB89-122170). This report is available only through NTIS (see address given above).

E-3



NCEER-88-0025

NCEER-88-0026

NCEER-88-0027

NCEER-88-0028

NCEER-88-0029

NCEER-88-0030

NCEER-88-0031

NCEER-88-0032

NCEER-88-0033

NCEER-88-0034

NCEER-88-0035

NCEER-88-0036

NCEER-88-0037

NCEER-88-0038

NCEER-88-0039

NCEER-88-0040

NCEER-88-0041

NCEER-88-0042

"Experimental Study of Active Control of MDOF Structures Under Seismic Excitations," by L.L. Chung,
R.C. Lin, T.T. Soong and A.M. Reinhorn, 7/10/88, (PB89-122600).

"Earthquake Simulation Tests of a Low-Rise Metal Structure,” by J.S. Hwang, K.C. Chang, G.C. Lee and
R.L. Ketter, 8/1/88, (PB89-102917).

"Systems Study of Urban Response and Reconstruction Due to Catastrophic Earthquakes," by F. Kozin and
H.K. Zhou, 9/22/88, (PB90-162348).

"Seismic Fragility Analysis of Plane Frame Structures,” by H.H-M. Hwang and Y.K. Low, 7/31/88,
(PB89-131445).

"Response Analysis of Stochastic Structures,” by A. Kardara, C. Bucher and M. Shinozuka, 9/22/88,
(PB89-174429).

"Nonnormal Accelerations Due to Yielding in a Primary Structure," by D.C.K. Chen and L.D. Lutes,
9/19/88, (PB89-131437).

"Design Approaches for Soil-Structure Interaction,” by A.S. Veletsos, A.M. Prasad and Y. Tang,
12/30/88, (PB89-174437). This report is available only through NTIS (see address given above).

"A Re-evaluation of Design Spectra for Seismic Damage Control," by C.J. Turkstra and A.G. Tallin,
11/7/88, (PB89-145221).

"The Behavior and Design of Noncontact Lap Splices Subjected to Repeated Inelastic Tensile Loading," by
V.E. Sagan, P. Gergely and R.N. White, 12/8/88, (PB89-163737).

"Seismic Response of Pile Foundations," by S.M. Mamoon, P.K. Banerjee and S. Ahmad, 11/1/88,
(PB89-145239).

"Modeling of R/C Building Structures With Flexible Floor Diaphragms (IDARC2)," by A.M. Reinhorn,
S.K. Kunnath and N. Panahshahi, 9/7/88, (PB89-207153).

"Solution of the Dam-Reservoir Interaction Problem Using a Combination of FEM, BEM with Particular
Integrals, Modal Analysis, and Substructuring,” by C-S. Tsai, G.C. Lee and R.L. Ketter, 12/31/88,
(PB89-207146).

"Optimal Placement of Actuators for Structural Control," by F.Y. Cheng and C.P. Pantelides, 8/15/88,
(PB89-162846).

"Teflon Bearings in Aseismic Base Isolation: Experimental Studies and Mathematical Modeling," by A.
Mokha, M.C. Constantinou and A.M. Reinhorn, 12/5/88, (PB89-218457). This report is available only
through NTIS (see address given above).

"Seismic Behavior of Flat Slab High-Rise Buildings in the New York City Area,” by P. Weidlinger and M.
Ettouney, 10/15/88, (PB90-145681).

"Evaluation of the Earthquake Resistance of Existing Buildings in New York City," by P. Weidlinger and
M. Ettouney, 10/15/88, to be published.

"Small-Scale Modeling Techniques for Reinforced Concrete Structures Subjected to Seismic Loads," by W.
Kim, A. El-Attar and R.N. White, 11/22/88, (PB89-189625).

"Modeling Strong Ground Motion from Multiple Event Earthquakes,” by G.W. Ellis and A.S. Cakmak,
10/15/88, (PB89-174445).
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"Nonstationary Models of Seismic Ground Acceleration," by M. Grigoriu, S.E. Ruiz and E. Rosenblueth,
7/15/88, (PB89-189617).

"SARCEF User's Guide: Seismic Analysis of Reinforced Concrete Frames," by Y.S. Chung, C. Meyer and
M. Shinozuka, 11/9/88, (PB89-174452).

"First Expert Panel Meeting on Disaster Research and Planning,” edited by J. Pantelic and J. Stoyle,
9/15/88, (PB89-174460).

"Preliminary Studies of the Effect of Degrading Infill Walls on the Nonlinear Seismic Response of Steel
Frames," by C.Z. Chrysostomou, P. Gergely and I.F. Abel, 12/19/88, (PB89-208383).

"Reinforced Concrete Frame Component Testing Facility - Design, Construction, Instrumentation and
Operation,"” by S.P. Pessiki, C. Conley, T. Bond, P. Gergely and R.N. White, 12/16/88, (PB89-174478).
"Effects of Protective Cushion and Soil Compliancy on the Response of Equipment Within a Seismically

Excited Building," by J.A. HoLung, 2/16/89, (PB89-207179).

"Statistical Evaluation of Response Modification Factors for Reinforced Concrete Structures," by H.H-M.
Hwang and J-W. Jaw, 2/17/89, (PB89-207187).

"Hysteretic Columns Under Random Excitation,” by G-Q. Cai and Y.K. Lin, 1/9/89, (PB89-196513).

"Experimental Study of "Elephant Foot Bulge' Instability of Thin-Walled Metal Tanks," by Z-H. Jia and
R.L. Ketter, 2/22/89, (PB89-207195).

"Experiment on Performance of Buried Pipelines Across San Andreas Fault," by J. Isenberg, E.
Richardson and T.D. O'Rourke, 3/10/89, (PB89-218440). This report is available only through NTIS (see

address given above).

"A Knowledge-Based Approach to Structural Design of Earthquake-Resistant Buildings," by M.
Subramani, P. Gergely, C.H. Conley, I.F. Abel and A.H. Zaghw, 1/15/89, (PB89-218465).

"Liquefaction Hazards and Their Effects on Buried Pipelines,"” by T.D. O'Rourke and P.A. Lane, 2/1/89,
(PB89-218481).

"Fundamentals of System Identification in Structural Dynamics,” by H. Imai, C-B. Yun, O. Maruyama and
M. Shinozuka, 1/26/89, (PB89-207211).

"Effects of the 1985 Michoacan Earthquake on Water Systems and Other Buried Lifelines in Mexico," by
A.G. Ayala and M.J. O'Rourke, 3/8/89, (PB89-207229).

"NCEER Bibliography of Earthquake Education Materials," by K.E.K. Ross, Second Revision, 9/1/89,
(PB90-125352).

"Inelastic Three-Dimensional Response Analysis of Reinforced Concrete Building Structures (IDARC-3D),
Part I - Modeling," by S.K. Kunnath and A.M. Reinhorn, 4/17/89, (PB90-114612).

"Recommended Modifications to ATC-14," by C.D. Poland and J.O. Malley, 4/12/89, (PB90-108648).

"Repair and Strengthening of Beam-to-Column Connections Subjected to Earthquake Loading,” by M.
Corazao and A.J. Durrani, 2/28/89, (PB90-109885).

"Program EXKAL?2 for Identification of Structural Dynamic Systems,” by O. Maruyama, C-B. Yun, M.
Hoshiya and M. Shinozuka, 5/19/89, (PB90-109877).
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“Response of Frames With Bolted Semi-Rigid Connections, Part I - Experimental Study and Analytical
Predictions,” by P.J. DiCorso, A.M. Reinhorn, J.R. Dickerson, J.B. Radziminski and W.L. Harper,
6/1/89, to be published.

"ARMA Monte Carlo Simulation in Probabilistic Structural Analysis," by P.D. Spanos and M.P.
Mignolet, 7/10/89, (PB90-109893).

"Preliminary Proceedings from the Conference on Disaster Preparedness - The Place of Earthquake
Education in Our Schools,” Edited by K.E.K. Ross, 6/23/89, (PB90-108606).

"Proceedings from the Conference on Disaster Preparedness - The Place of Earthquake Education in Our
Schools,” Edited by K.E.K. Ross, 12/31/89, (PB90-207895). This report is available only through NTIS
(see address given above).

"Multidimensional Models of Hysteretic Material Behavior for Vibration Analysis of Shape Memory
Energy Absorbing Devices, by E.J. Graesser and F.A. Cozzarelli, 6/7/89, (PB90-164146).

"Nonlinear Dynamic Analysis of Three-Dimensional Base Isolated Structures (3D-BASIS)," by S.
Nagarajaiah, A.M. Reinhorn and M.C. Constantinou, 8/3/89, (PB90-161936). This report is available
only through NTIS (see address given above).

"Structural Control Considering Time-Rate of Control Forces and Control Rate Constraints," by F.Y.
Cheng and C.P. Pantelides, 8/3/89, (PB90-120445).

"Subsurface Conditions of Memphis and Shelby County," by K.W. Ng, T-S. Chang and H-H.M. Hwang,
7/26/89, (PB90-120437).

"Seismic Wave Propagation Effects on Straight Jointed Buried Pipelines,” by K. Elhmadi and M.J.
O'Rourke, 8/24/89, (PB90-162322).

"Workshop on Serviceability Analysis of Water Delivery Systems," edited by M. Grigoriu, 3/6/89, (PB90-
127424).

"Shaking Table Study of a 1/5 Scale Steel Frame Composed of Tapered Members," by K.C. Chang, J.S.
Hwang and G.C. Lee, 9/18/89, (PB90-160169).

"DYNAID: A Computer Program for Nonlinear Seismic Site Response Analysis - Technical
Documentation,” by Jean H. Prevost, 9/14/89, (PB90-161944). This report is available only through NTIS
(see address given above).

"1:4 Scale Model Studies of Active Tendon Systems and Active Mass Dampers for Aseismic Protection,”
by A.M. Reinhorn, T.T. Soong, R.C. Lin, Y.P. Yang, Y. Fukao, H. Abe and M. Nakai, 9/15/89, (PB90-
173246).

"Scattering of Waves by Inclusions in a Nonhomogeneous Elastic Half Space Solved by Boundary Element
Methods," by P.K. Hadley, A. Askar and A.S. Cakmak, 6/15/89, (PB90-145699).

"Statistical Evaluation of Deflection Amplification Factors for Reinforced Concrete Structures,” by
H.H.M. Hwang, J-W. Jaw and A.L. Ch'ng, 8/31/89, (PB90-164633).

"Bedrock Accelerations in Memphis Area Due to Large New Madrid Earthquakes," by H.H.M. Hwang,
C.H.S. Chen and G. Yu, 11/7/89, (PB90-162330).

"Seismic Behavior and Response Sensitivity of Secondary Structural Systems,” by Y.Q. Chen and T.T.
Soong, 10/23/89, (PB90-164658).
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"Random Vibration and Reliability Analysis of Primary-Secondary Structural Systems," by Y. Ibrahim, M.
Grigoriu and T.T. Soong, 11/10/89, (PB90-161951).

"Proceedings from the Second U.S. - Japan Workshop on Liquefaction, Large Ground Deformation and
Their Effects on Lifelines, September 26-29, 1989," Edited by T.D. O'Rourke and M. Hamada, 12/1/89,
(PB90-209388).

"Deterministic Model for Seismic Damage Evaluation of Reinforced Concrete Structures,” by J.M. Bracci,
A .M. Reinhorn, J.B. Mander and S.K. Kunnath, 9/27/89.

"On the Relation Between Local and Global Damage Indices,” by E. DiPasquale and A.S. Cakmak,
8/15/89, (PB90-173865).

"Cyclic Undrained Behavior of Nonplastic and Low Plasticity Silts," by A.J. Walker and H.E. Stewart,
7/26/89, (PB90-183518).

"Liquefaction Potential of Surficial Deposits in the City of Buffalo, New York," by M. Budhu, R. Giese
and L. Baumgrass, 1/17/89, (PB90-208455).

"A Deterministic Assessment of Effects of Ground Motion Incoherence,” by A.S. Veletsos and Y. Tang,
7/15/89, (PB90-164294).

"Workshop on Ground Motion Parameters for Seismic Hazard Mapping,” July 17-18, 1989, edited by R.V.
Whitman, 12/1/89, (PB90-173923).

"Seismic Effects on Elevated Transit Lines of the New York City Transit Authority,” by C.J. Costantino,
C.A. Miller and E. Heymsfield, 12/26/89, (PB90-207887).

"Centrifugal Modeling of Dynamic Soil-Structure Interaction,” by K. Weissman, Supervised by J.H.
Prevost, 5/10/89, (PB90-207879).

"Linearized Identification of Buildings With Cores for Seismic Vulnerability Assessment," by I-K. Ho and
A.E. Aktan, 11/1/89, (PB90-251943).
"Geotechnical and Lifeline Aspects of the October 17, 1989 Loma Prieta Earthquake in San Francisco," by

T.D. O'Rourke, H.E. Stewart, F.T. Blackburn and T.S. Dickerman, 1/90, (PB90-208596).

"Nonnormal Secondary Response Due to Yielding in a Primary Structure,” by D.C.K. Chen and L.D.
Lutes, 2/28/90, (PB90-251976).

"Earthquake Education Materials for Grades K-12," by K.E.K. Ross, 4/16/90, (PB91-251984).
"Catalog of Strong Motion Stations in Eastern North America," by R.W. Busby, 4/3/90, (PB90-251984).

"NCEER Strong-Motion Data Base: A User Manual for the GeoBase Release (Version 1.0 for the Sun3),"
by P. Friberg and K. Jacob, 3/31/90 (PB90-258062).

"Seismic Hazard Along a Crude Oil Pipeline in the Event of an 1811-1812 Type New Madrid Earthquake,"
by H.H.M. Hwang and C-H.S. Chen, 4/16/90(PB90-258054).

"Site-Specific Response Spectra for Memphis Sheahan Pumping Station,” by H.H.M. Hwang and C.S.
Lee, 5/15/90, (PB91-108811).

"Pilot Study on Seismic Vulnerability of Crude Oil Transmission Systems,” by T. Ariman, R. Dobry, M.
Grigoriu, F. Kozin, M. O'Rourke, T. O'Rourke and M. Shinozuka, 5/25/90, (PB91-108837).

E-7



NCEER-%0-0009

NCEER-%90-0010

NCEER-90-0011

NCEER-90-0012

NCEER-90-0013

NCEER-90-0014

NCEER-90-0015

NCEER-90-0016

NCEER-%90-0017

NCEER-90-0018

NCEER-%90-0019

NCEER-90-0020

NCEER-90-0021

NCEER-90-0022

NCEER-90-0023

NCEER-90-0024

NCEER-90-0025

NCEER-90-0026

NCEER-90-0027

"A Program to Generate Site Dependent Time Histories: EQGEN," by G.W. Ellis, M. Srinivasan and A.S.
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"Active Isolation for Seismic Protection of Operating Rooms," by M.E. Talbott, Supervised by M.
Shinozuka, 6/8/9, (PB91-110205).

"Program LINEARID for Identification of Linear Structural Dynamic Systems," by C-B. Yun and M.
Shinozuka, 6/25/90, (PB91-110312).

"Two-Dimensional Two-Phase Elasto-Plastic Seismic Response of Earth Dams,” by A.N. Yiagos,
Supervised by J.H. Prevost, 6/20/90, (PB91-110197).

"Secondary Systems in Base-Isolated Structures: Experimental Investigation, Stochastic Response and
Stochastic Sensitivity," by G.D. Manolis, G. Juhn, M.C. Constantinou and A.M. Reinhorn, 7/1/90,
(PB91-110320).

"Seismic Behavior of Lightly-Reinforced Concrete Column and Beam-Column Joint Details,” by S.P.
Pessiki, C.H. Conley, P. Gergely and R.N. White, 8/22/90, (PB91-108795).

"Two Hybrid Control Systems for Building Structures Under Strong Earthquakes," by J.N. Yang and A.
Danielians, 6/29/90, (PB91-125393).

"Instantaneous Optimal Control with Acceleration and Velocity Feedback,” by J.N. Yang and Z. Li,
6/29/90, (PB91-125401).

"Reconnaissance Report on the Northern Iran Earthquake of June 21, 1990," by M. Mehrain, 10/4/90,
(PB91-125377).

"Evaluation of Liquefaction Potential in Memphis and Shelby County," by T.S. Chang, P.S. Tang, C.S.
Lee and H. Hwang, 8/10/90, (PB91-125427).

"Experimental and Analytical Study of a Combined Sliding Disc Bearing and Helical Steel Spring Isolation
System," by M.C. Constantinou, A.S. Mokha and A.M. Reinhorn, 10/4/90, (PB91-125385).

"Experimental Study and Analytical Prediction of Earthquake Response of a Sliding Isolation System with a
Spherical Surface,” by A.S. Mokha, M.C. Constantinou and A.M. Reinhorn, 10/11/90, (PB91-125419).

"Dynamic Interaction Factors for Floating Pile Groups," by G. Gazetas, K. Fan, A. Kaynia and E. Kausel,
9/10/90, (PB91-170381).

"Evaluation of Seismic Damage Indices for Reinforced Concrete Structures,” by S. Rodriguez-Gomez and
A.S. Cakmak, 9/30/90, PB91-171322).

"Study of Site Response at a Selected Memphis Site," by H. Desai, S. Ahmad, E.S. Gazetas and M.R. Oh,
10/11/90, (PB91-196857).

"A User's Guide to Strongmo: Version 1.0 of NCEER's Strong-Motion Data Access Tool for PCs and
Terminals," by P.A. Friberg and C.A.T. Susch, 11/15/90, (PB91-171272).

"A Three-Dimensional Analytical Study of Spatial Variability of Seismic Ground Motions," by L-L. Hong
and A.H.-S. Ang, 10/30/90, (PB91-170399).

"MUMOID User's Guide - A Program for the Identification of Modal Parameters,"
Gomez and E. DiPasquale, 9/30/90, (PB91-171298).

by S. Rodriguez-

"SARCEF-II User's Guide - Seismic Analysis of Reinforced Concrete Frames,"” by S. Rodriguez-Gomez,
Y.S. Chung and C. Meyer, 9/30/90, (PB91-171280).
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"Viscous Dampers: Testing, Modeling and Application in Vibration and Seismic Isolation,” by N. Makris
and M. C. Constantinou, 12/20/90 (PB91-190561).

"Soil Effects on Earthquake Ground Motions in the Memphis Area,” by H. Hwang, C.S. Lee, K.W. Ng
and T.S. Chang, 8/2/90, (PB91-190751).

"Proceedings from the Third Japan-U.S. Workshop on Earthquake Resistant Design of Lifeline Facilities
and Countermeasures for Soil Liquefaction, December 17-19, 1990," edited by T.D. O'Rourke and M.
Hamada, 2/1/91, (PB91-179259).

"Physical Space Solutions of Non-Proportionally Damped Systems,"” by M. Tong, Z. Liang and G.C. Lee,
1/15/91, (PB91-179242).

"Seismic Response of Single Piles and Pile Groups,” by K. Fan and G. Gazetas, 1/10/91, (PB92-174994).

"Damping of Structures: Part 1 - Theory of Complex Damping,” by Z. Liang and G. Lee, 10/10/91,
(PB92-197235).

"3D-BASIS - Nonlinear Dynamic Analysis of Three Dimensional Base Isolated Structures: Part II," by S.
Nagarajaiah, A.M. Reinhorn and M.C. Constantinou, 2/28/91, (PB91-190553).

"A Multidimensional Hysteretic Model for Plasticity Deforming Metals in Energy Absorbing Devices," by
E.J. Graesser and F.A. Cozzarelli, 4/9/91, (PB92-108364).

"A Framework for Customizable Knowledge-Based Expert Systems with an Application to a KBES for
Evaluating the Seismic Resistance of Existing Buildings," by E.G. Ibarra-Anaya and S.J. Fenves, 4/9/91,
(PB91-210930).

"Nonlinear Analysis of Steel Frames with Semi-Rigid Connections Using the Capacity Spectrum Method,"
by G.G. Deierlein, S-H. Hsieh, Y-J. Shen and J.F. Abel, 7/2/91, (PB92-113828).

"Earthquake Education Materials for Grades K-12," by K.E.K. Ross, 4/30/91, (PB91-212142).

"Phase Wave Velocities and Displacement Phase Differences in a Harmonically Oscillating Pile," by N.
Makris and G. Gazetas, 7/8/91, (PB92-108356).

"Dynamic Characteristics of a Full-Size Five-Story Steel Structure and a 2/5 Scale Model," by K.C.
Chang, G.C. Yao, G.C. Lee, D.S. Hao and Y.C. Yeh," 7/2/91, (PB93-116648).

"Seismic Response of a 2/5 Scale Steel Structure with Added Viscoelastic Dampers,"” by K.C. Chang, T.T.
Soong, S-T. Oh and M.L. Lai, 5/17/91, (PB92-110816).

"Earthquake Response of Retaining Walls; Full-Scale Testing and Computational Modeling,” by S.
Alampalli and A-W M. Elgamal, 6/20/91, to be published.

"3D-BASIS-M: Nonlinear Dynamic Analysis of Multiple Building Base Isolated Structures,” by P.C.
Tsopelas, S. Nagarajaiah, M.C. Constantinou and A.M. Reinhorn, 5/28/91, (PB92-113885).

"Evaluation of SEAOC Design Requirements for Sliding Isolated Structures,” by D. Theodossiou and M.C.
Constantinou, 6/10/91, (PB92-114602).

"Closed-Loop Modal Testing of a 27-Story Reinforced Concrete Flat Plate-Core Building," by H.R.
Somaprasad, T. Toksoy, H. Yoshiyuki and A.E. Aktan, 7/15/91, (PB92-129980).

"Shake Table Test of a 1/6 Scale Two-Story Lightly Reinforced Concrete Building," by A.G. El-Attar,
R.N. White and P. Gergely, 2/28/91, (PB92-222447).
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"Shake Table Test of a 1/8 Scale Three-Story Lightly Reinforced Concrete Building,” by A.G. El-Attar,
R.N. White and P. Gergely, 2/28/91, (PB93-116630).

"Transfer Functions for Rigid Rectangular Foundations," by A.S. Veletsos, A.M. Prasad and W.H. Wu,
7/31/91.

"Hybrid Control of Seismic-Excited Nonlinear and Inelastic Structural Systems," by J.N. Yang, Z. Li and
A. Danielians, 8/1/91, (PB92-143171).

"The NCEER-91 Earthquake Catalog: Improved Intensity-Based Magnitudes and Recurrence Relations for
U.S. Earthquakes East of New Madrid," by L. Seeber and J.G. Armbruster, 8/28/91, (PB92-176742).

"Proceedings from the Implementation of Earthquake Planning and Education in Schools: The Need for
Change - The Roles of the Changemakers,"” by K.E.K. Ross and F. Winslow, 7/23/91, (PB92-129998).

"A Study of Reliability-Based Criteria for Seismic Design of Reinforced Concrete Frame Buildings," by
H.H.M. Hwang and H-M. Hsu, 8/10/91, (PB92-140235).

"Experimental Verification of a Number of Structural System Identification Algorithms,” by R.G.
Ghanem, H. Gavin and M. Shinozuka, 9/18/91, (PB92-176577).

"Probabilistic Evaluation of Liquefaction Potential," by H.H.M. Hwang and C.S. Lee," 11/25/91, (PB92-
143429).

"Instantaneous Optimal Control for Linear, Nonlinear and Hysteretic Structures - Stable Controllers,” by
J.N. Yang and Z. Li, 11/15/91, (PB92-163807).

"Experimental and Theoretical Study of a Sliding Isolation System for Bridges," by M.C. Constantinou, A.
Kartoum, A.M. Reinhorn and P. Bradford, 11/15/91, (PB92-176973).
"Case Studies of Liquefaction and Lifeline Performance During Past Earthquakes, Volume 1: Japanese

Case Studies," Edited by M. Hamada and T. O'Rourke, 2/17/92, (PB92-197243).

"Case Studies of Liquefaction and Lifeline Performance During Past Earthquakes, Volume 2: United States
Case Studies,” Edited by T. O'Rourke and M. Hamada, 2/17/92, (PB92-197250).

"Issues in Earthquake Education," Edited by K. Ross, 2/3/92, (PB92-222389).

"Proceedings from the First U.S. - Japan Workshop on Earthquake Protective Systems for Bridges," Edited
by 1.G. Buckle, 2/4/92, (PB94-142239, A99, ME-AQ6).

"Seismic Ground Motion from a Haskell-Type Source in a Multiple-Layered Half-Space," A.P. Theoharis,
G. Deodatis and M. Shinozuka, 1/2/92, to be published.
"Proceedings from the Site Effects Workshop," Edited by R. Whitman, 2/29/92, (PB92-197201).

"Engineering Evaluation of Permanent Ground Deformations Due to Seismically-Induced Liquefaction,” by
M_.H. Baziar, R. Dobry and A-W.M. Elgamal, 3/24/92, (PB92-222421).

"A Procedure for the Seismic Evaluation of Buildings in the Central and Eastern United States," by C.D.
Poland and J.0. Malley, 4/2/92, (PB92-222439).

"Experimental and Analytical Study of a Hybrid Isolation System Using Friction Controllable Sliding
Bearings," by M.Q. Feng, S. Fujii and M. Shinozuka, 5/15/92, (PB93-150282).

"Seismic Resistance of Slab-Column Connections in Existing Non-Ductile Flat-Plate Buildings,” by A.J.
Durrani and Y. Du, 5/18/92.
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"The Hysteretic and Dynamic Behavior of Brick Masonry Walls Upgraded by Ferrocement Coatings Under
Cyclic Loading and Strong Simulated Ground Motion," by H. Lee and S.P. Prawel, 5/11/92, to be
published.

"Study of Wire Rope Systems for Seismic Protection of Equipment in Buildings," by G.F. Demetriades,
M.C. Constantinou and A.M. Reinhorn, 5/20/92.

"Shape Memory Structural Dampers: Material Properties, Design and Seismic Testing," by P.R. Witting
and F.A. Cozzarelli, 5/26/92.

"Longitudinal Permanent Ground Deformation Effects on Buried Continuous Pipelines," by M.J.
O'Rourke, and C. Nordberg, 6/15/92.

"A Simulation Method for Stationary Gaussian Random Functions Based on the Sampling Theorem," by
M. Grigoriu and S. Balopoulou, 6/11/92, (PB93-127496).

"Gravity-Load-Designed Reinforced Concrete Buildings: Seismic Evaluation of Existing Construction and
Detailing Strategies for Improved Seismic Resistance,” by G.W. Hoffmann, S.K. Kunnath, A.M. Reinhorn
and J.B. Mander, 7/15/92, (PB94-142007, A08, MF-A02).

"Observations on Water System and Pipeline Performance in the Limén Area of Costa Rica Due to the
April 22, 1991 Earthquake,” by M. O'Rourke and D. Ballantyne, 6/30/92, (PB93-126811).

"Fourth Edition of Earthquake Education Materials for Grades K-12," Edited by K.E.K. Ross, 8/10/92.

"Proceedings from the Fourth Japan-U.S. Workshop on Earthquake Resistant Design of Lifeline Facilities
and Countermeasures for Soil Liquefaction," Edited by M. Hamada and T.D. O'Rourke, 8/12/92, (PB93-
163939).

" Active Bracing System: A Full Scale Implementation of Active Control," by A.M. Reinhorn, T.T. Soong,
R.C. Lin, M.A. Riley, Y.P. Wang, S. Aizawa and M. Higashino, 8/14/92, (PB93-127512).

"Empirical Analysis of Horizontal Ground Displacement Generated by Liquefaction-Induced Lateral
Spreads,” by S.F. Bartlett and T.L. Youd, 8/17/92, (PB93-188241).

"IDARC Version 3.0: Inelastic Damage Analysis of Reinforced Concrete Structures," by S.K. Kunnath,
A.M. Reinhorn and R.F. Lobo, 8/31/92, (PB93-227502, A07, MF-AQ2).

"A Semi-Empirical Analysis of Strong-Motion Peaks in Terms of Seismic Source, Propagation Path and
Local Site Conditions, by M. Kamiyama, M.J. O'Rourke and R. Flores-Berrones, 9/9/92, (PB93-150266).

"Seismic Behavior of Reinforced Concrete Frame Structures with Nonductile Details, Part I. Summary of
Experimental Findings of Full Scale Beam-Column Joint Tests,” by A. Beres, R.N. White and P. Gergely,
9/30/92, (PB93-227783, A05, MF-A01).

"Experimental Results of Repaired and Retrofitted Beam-Column Joint Tests in Lightly Reinforced
Concrete Frame Buildings,” by A. Beres, S. El-Borgi, R.N. White and P. Gergely, 10/29/92, (PB93-
227791, A0S, MF-A01).

"A Generalization of Optimal Control Theory: Linear and Nonlinear Structures,"” by J.N. Yang, Z. Li and
S. Vongchavalitkul, 11/2/92, (PB93-188621).

"Seismic Resistance of Reinforced Concrete Frame Structures Designed Only for Gravity Loads: Part I -
Design and Properties of a One-Third Scale Model Structure," by J.M. Bracci, A.M. Reinhorn and J.B.
Mander, 12/1/92, (PB94-104502, A08, MF-AQ2).
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"Seismic Resistance of Reinforced Concrete Frame Structures Designed Only for Gravity Loads: Part II -
Experimental Performance of Subassemblages,” by L.E. Aycardi, J.B. Mander and A.M. Reinhorn,
12/1/92, (PB9%4-104510, A08, MF-AQ2).

"Seismic Resistance of Reinforced Concrete Frame Structures Designed Only for Gravity Loads: Part III -
Experimental Performance and Analytical Study of a Structural Model," by J.M. Bracci, A.M. Reinhorn
and J.B. Mander, 12/1/92, (PB93-227528, A09, MF-AQ1).

"Evaluation of Seismic Retrofit of Reinforced Concrete Frame Structures: Part I - Experimental
Performance of Retrofitted Subassemblages,” by D. Choudhuri, J.B. Mander and A.M. Reinhorn, 12/8/92,
(PB93-198307, A07, MF-A02).

"Evaluation of Seismic Retrofit of Reinforced Concrete Frame Structures: Part II - Experimental
Performance and Analytical Study of a Retrofitted Structural Model," by J.M. Bracci, A.M. Reinhorn and
J.B. Mander, 12/8/92, (PB93-198315, A09, MF-A03).

"Experimental and Analytical Investigation of Seismic Response of Structures with Supplemental Fluid
Viscous Dampers," by M.C. Constantinou and M.D. Symans, 12/21/92, (PB93-191435).

"Reconnaissance Report on the Cairo, Egypt Earthquake of October 12, 1992," by M. Khater, 12/23/92,
(PB93-188621).

"Low-Level Dynamic Characteristics of Four Tall Flat-Plate Buildings in New York City," by H. Gavin,
S. Yuan, J. Grossman, E. Pekelis and XK. Jacob, 12/28/92, (PB93-188217).
"An Experimental Study on the Seismic Performance of Brick-Infilled Steel Frames With and Without

Retrofit," by J.B. Mander, B. Nair, K. Wojtkowski and J. Ma, 1/29/93, (PB93-227510, A07, MF-A02).

"Social Accounting for Disaster Preparedness and Recovery Planning," by S. Cole, E. Pantoja and V.
Razak, 2/22/93, (PB94-142114, A12, MF-A03).

" Assessment of 1991 NEHRP Provisions for Nonstructural Components and Recommended Revisions,” by
T.T. Soong, G. Chen, Z. Wu, R-H. Zhang and M. Grigoriu, 3/1/93, (PB93-188639).

"Evaluation of Static and Response Spectrum Analysis Procedures of SEAOC/UBC for Seismic Isolated
Structures," by C.W. Winters and M.C. Constantinou, 3/23/93, (PB93-198299).

"Earthquakes in the Northeast - Are We Ignoring the Hazard? A Workshop on Earthquake Science and
Safety for Educators," edited by K.E.K. Ross, 4/2/93, (PB94-103066, A09, ME-A(2).

"Inelastic Response of Reinforced Concrete Structures with Viscoelastic Braces,” by R.F. Lobo, J.M.
Bracci, K.L. Shen, A.M. Reinhorn and T.T. Soong, 4/5/93, (PB93-227486, A05, MF-A(02).

"Seismic Testing of Installation Methods for Computers and Data Processing Equipment,” by K. Kosar,
T.T. Soong, K.L. Shen, J.A. HoLung and Y.K. Lin, 4/12/93, (PB93-198299).

"Retrofit of Reinforced Concrete Frames Using Added Dampers,” by A. Reinhorn, M. Constantinou and
C. Li, to be published.

"Seismic Behavior and Design Guidelines for Steel Frame Structures with Added Viscoelastic Dampers,”
by K.C. Chang, M.L. Lai, T.T. Soong, D.S. Hao and Y.C. Yeh, 5/1/93, (PB94-141959, A07, MF-AQ2).

"Seismic Performance of Shear-Critical Reinforced Concrete Bridge Piers,” by J.B. Mander, S.M.
Waheed, M.T.A. Chaudhary and S.S. Chen, 5/12/93, (PB93-227494, A08, ME-A02).
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"3D-BASIS-TABS: Computer Program for Nonlinear Dynamic Analysis of Three Dimensional Base
Isolated Structures,” by S. Nagarajaiah, C. Li, A.M. Reinhorn and M.C. Constantinou, 8/2/93, (PB9%4-
141819, A09, MF-A02).

"Effects of Hydrocarbon Spills from an Oil Pipeline Break on Ground Water," by O.J. Helweg and
H.H.M. Hwang, 8/3/93, (PB94-141942, A06, MF-AQ2).

"Simplified Procedures for Seismic Design of Nonstructural Components and Assessment of Current Code
Provisions," by M.P. Singh, L.E. Suarez, E.E. Matheu and G.0. Maldonado, 8/4/93, (PB94-141827,
A09, MF-AQ2).

"An Energy Approach to Seismic Analysis and Design of Secondary Systems," by G. Chen and T.T.
Soong, 8/6/93, (PB9%4-142767, A11, MF-A03).

"Proceedings from School Sites: Becoming Prepared for Earthquakes - Commemorating the Third
Anniversary of the Loma Prieta Earthquake," Edited by F.E. Winslow and K.E.K. Ross, 8/16/93.

"Reconnaissance Report of Damage to Historic Monuments in Cairo, Egypt Following the October 12,
1992 Dahshur Earthquake," by D. Sykora, D. Look, G. Croci, E. Karaesmen and E. Karaesmen, 8/19/93,
(PB94-142221, A08, MF-A02).

"The Island of Guam Earthquake of August 8, 1993," by S.W. Swan and S.K. Harris, 9/30/93, (PB%4-
141843, A04, MF-AQ1).

"Engineering Aspects of the October 12, 1992 Egyptian Earthquake,” by A.W. Elgamal, M. Amer, K.
Adalier and A. Abul-Fadl, 10/7/93, (PB94-141983, A0S, MF-A01).

"Development of an Earthquake Motion Simulator and its Application in Dynamic Centrifuge Testing,” by
1. Krstelj, Supervised by J.H. Prevost, 10/23/93, (PB94-181773, A-10, MF-A03).

"NCEER-Taisei Corporation Research Program on Sliding Seismic Isolation Systems for Bridges:
Experimental and Analytical Study of a Friction Pendulum System (FPS)," by M.C. Constantinou, P.
Tsopelas, Y-S. Kim and S. Okamoto, 11/1/93, (PB94-142775, A08, MF-AQ2).

"Finite Element Modeling of Elastomeric Seismic Isolation Bearings,"” by L.J. Billings, Supervised by R.
Shepherd, 11/8/93, to be published.

"Seismic Vulnerability of Equipment in Critical Facilities: Life-Safety and Operational Consequences,” by
K. Porter, G.S. Johnson, M.M. Zadeh, C. Scawthorn and S. Eder, 11/24/93, (PB94-181765, A16, MF-
A03).

"Hokkaido Nansei-oki, Japan Earthquake of July 12, 1993, by P.I. Yanev and C.R. Scawthorn, 12/23/93,
(PB94-181500, A07, MF-A01).

" An Evaluation of Seismic Serviceability of Water Supply Networks with Application to the San Francisco
Auxiliary Water Supply System," by I. Markov, Supervised by M. Grigoriu and T. O'Rourke, 1/21/94.

"NCEER-Taisei Corporation Research Program on Sliding Seismic Isolation Systems for Bridges:
Experimental and Analytical Study of Systems Consisting of Sliding Bearings, Rubber Restoring Force
Devices and Fluid Dampers,” Volumes I and II, by P. Tsopelas, S. Okamoto, M.C. Constantinou, D.
Ozaki and S. Fujii, 2/4/94, (PB94-181740, A09, MF-A02 and PB94-181757, A12, MF-AQ3).

"A Markov Model for Local and Global Damage Indices in Seismic Analysis,” by S. Rahman and M.
Grigoriu, 2/18/94.
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"Proceedings from the NCEER Workshop on Seismic Response of Masonry Infills," edited by D.P.
Abrams, 3/1/94, (PB94-180783, A07, MF-A02).

"The Northridge, California Earthquake of fanuary 17, 1994: General Reconnaissance Report,” edited by
I.D. Goltz, 3/11/94, (PB193943, A10, MF-A03).

"Seismic Energy Based Fatigue Damage Analysis of Bridge Columns: Part I - Evaluation of Seismic
Capacity," by G.A. Chang and J.B. Mander, 3/14/94, (PB94-219185, Al11, MF-A03).

"Seismic Isolation of Multi-Story Frame Structures Using Spherical Sliding Isolation Systems,"” by T.M.
Al-Hussaini, V.A. Zayas and M.C. Constantinou, 3/17/94, (PB193745, A09, MF-A02).

“The Northridge, California Earthquake of January 17, 1994: Performance of Highway Bridges," edited by
I.G. Buckle, 3/24/94, (PB94-193851, A06, MF-AQ2).

"Proceedings of the Third U.S.-Japan Workshop on Earthquake Protective Systems for Bridges," edited by
I.G. Buckle and I. Friedland, 3/31/94, (PB94-195815, A99, MF-MF).

"3D-BASIS-ME: Computer Program for Nonlinear Dynamic Analysis of Seismically Isolated Single and
Multiple Structures and Liquid Storage Tanks," by P.C. Tsopelas, M.C. Constantinou and A.M. Reinhorn,
4/12/94.

"The Northridge, California Earthquake of January 17, 1994: Performance of Gas Transmission Pipelines,"
by T.D. O'Rourke and M.C. Palmer, 5/16/94.

"Feasibility Study of Replacement Procedures and Earthquake Performance Related to Gas Transmission
Pipelines,"” by T.D. O'Rourke and M.C. Palmer, 5/25/94, (PB94-206638, A09, MF-AQ2).

"Seismic Energy Based Fatigue Damage Analysis of Bridge Columns: Part II - Evaluation of Seismic
Demand,"” by G.A. Chang and J.B. Mander, 6/1/94, (PB95-18106, A08, MF-A02).

"NCEER-Taisei Corporation Research Program on Sliding Seismic Isolation Systems for Bridges:
Experimental and Analytical Study of a System Consisting of Sliding Bearings and Fluid Restoring
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