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NOTICE

This report was prepared by EQE International as a result of research
sponsored by the National Center for Earthquake Engineering Research
(NCEER) through a grant from the National Science Foundation, and
other sponsors. Neither NCEER, associates of NCEER, its sponsors, EQE
International, nor any person acting on their behalf:

a. makes any warranty, express or implied, with respect to the use of
any information, apparatus, method, or process disclosed in this
report or that such use may not infringe upon privately owned
rights; or

b. assumes any liabilities of whatsoever kind with respect to the use
of, or the damage resulting from the use of, any information,
apparatus, method, or process disclosed in this report.

Any opinions, findings, and conclusions or recommendations expressed
in this publication are those of the author(s) and do not necessarily
reflect the views of NCEER, the National Science Foundation, or other
sponsors.
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PREFACE

The National Center for Earthquake Engineering Research (NCEER) was established in 1986 to
develop and disseminate new knowledge about earthquakes, earthquake-resistant design and
seismic hazard mitigation procedures to minimize loss of life and property. The emphasis of the
Center is on eastern and central United States structures, and lifelines throughout the country
that may be exposed to any level of earthquake hazard.

NCEER’s research is conducted under one of four Projects: the Building Project, the Nonstructural
Components Project, and the Lifelines Project, all three of which are principally supported by
the National Science Foundation, and the Highway Project which is primarily sponsored by the
Federal Highway Administration.

The research and implementation plan in years six through ten (1991-1996) for the Building,
Nonstructural Components, and Lifelines Projects comprises four interdependent 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 for these three projects. Demonstration Projects under Element III have been
planned to support the Applied Research projects and include individual case studies and
regional studies. Element IV, Implementation, will result from activity in the Applied Research
projects, and from Demonstration Projects.

ELEMENT I ELEMENT I ELEMENT {il
BASIC RESEARCH APPLIED RESEARCH DEMONSTRATION PROJECTS
s Seismic hazards and * The Building Project Case Studies
ground motion = Active and hybrid control
¢ The Nonstructural * Hospital and data processing
* Geotechnical Components Project facilities
engineering « Short and medium span bridges
* The Lifelines Project e Water supply systems in
¢ Structures and systems Memphis and San Francisco
¢ The Highway Project Regional Studies
» Risk and reliability * New York City
¢ Mississippi Valley
« Intelligent and protective ¢ San Francisco Bay Area
systems ¢ City of Memphis and Shelby
County, Tennessee
¢ Socioeconomic issues \J_L J_|7
—\/ \/
ELEMENT IV
IMPLEMENTATION

¢ Conferences/Workshops

¢ Education/Training courses
¢ Publications

e 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.

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 societal and economic impact program constitutes one of the important
areas of research in the Lifeline Project. The program involves identifying, quantifying, and
analyzing the impacts earthquakes and other natural disasters have on the populations and socio-
economic systems of impacted regions. The primary focus of this program is on the interaction
between the social and economic system and the built physical environment which accommodates
it. The major tasks are as follows:

Fundamental research concerning the built physical environment system.

Fundamental research concerning the social and economic system, including investigations

of macro-economic impact, epidemiology of casualties, and housing reconstruction.

3. Specific research concerning the social and economic system such as the economics of non-
structural component and lifeline failures, and the social consequences of lifeline failures.

4. Knowledge utilization research focused on professional and private acceptance of research

results.

Do

The purpose of the report is to demonstrate a pilot application of a methodology for estimating
regional exposure to hazmat releases given an earthquake. Because of the rarity of such events, and
the potentially grave consequences, the methodology provides guidance for mitigation, which would
otherwise be lacking. The methodology is described and amply illustrated by the pilot application,
which is for the Los Angeles basin, perhaps one of the highest risk areas in the U.S. for post-
earthquake hazmat releases.
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ABSTRACT

While recent earthquake disasters (1994 Northridge and 1995 Kobe) have produced few
documented occurrences of hazardous materials release, failures in previous events, such as the
release of chlorine gas from a chlorine repackaging facility in the 1987 Whittier Narrows
earthquake (FEMA, 1987), indicate that even one such occurrence may place significant demands
on limited emergency resources. Facilities that manufacture and store chemicals may be especially
vulnerable to earthquake damage and subsequent hazardous materials release because of their
high concentration of industrial type equipment which may or may not incorporate seismic
resistant features. Furthermore, the ability of a2 community to respond to multiple incidents may
be hampered by limited resources and lack of communication capability. It appears that the first
significant step towards developing a constructive areawide response and mitigation program for
chemical facilities is to be able to quantify the seismic risk potential of hazardous materials release
and its effect on surrounding communities. Current reporting and permitting requirements may
facilitate implementation of such an assessment; extensive chemical inventories are often collected

locally, usually by the Fire Department.

" The objective of this project was to develop a methodology that would enable local jurisdictions
to determine the magnitude of the problem and identify areas most susceptible to earthquake-
induced hazardous materials release. The generalized methodology, as developed, includes five
major steps; inventory development, seismic hazard analysis, component vulnerability assessment,
regional vulnerability assessment, and population risk assessment. The results enable local
emergency managers to prepare for and mitigate potential earthquake-induced releases  This
report illustrates the application of the methodology for assessing the risk of earthquake-induced
hazardous materials release and its impact on surrounding population. The methodology is
demonstrated on the Los Angeles area using data from a survey conducted by the South Coast
Air Quality Management District, limited to 22 facilities using ammonia and/or chlorine within

Los Angeles County N



Results of the pilot application indicate that

In a M 7.0 earthquake on the Newport-Inglewood Fault, as many as 133,000 people
(2% of the total population in Los Angeles County ) would be exposed to hazardous
materials released from the 22 subject sources.

From those 22 sources, over 20,000 people would suffer exposure to hazardous materials
following a M 8+ event on the southern San Andreas fault

Less than 7,000 people were estimated to suffer hazardous materials exposure in a
simulation of the M 5.9 Whittier Narrows earthquake. (During the 1987 Whittier
Narrows earthquake, a tank in the city of Santa Fe Springs ruptured and released 240
gallons of chlorine. The resulting plume, which drifted toward the city of Whittier,

prompted the evacuation of some areas).
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SECTION 1
INTRODUCTION

It is generally acknowledged that a major earthquake in an industrialized, densely populated area of the
U.S. could lead to the release of hazardous chemicals. A large post-earthquake release would present
a threat not only to residents in the immediate vicinity of the source, but also to those of surrounding
communities. Affected areas would then face a range of emergency management problems. For
example, a major earthquake is likely to seriously impair community emergency response capability,
making it difficult to effectively deal with secondary emergencies such as hazardous materials releases
and fires. Tasks which are normally problematic, such as warning the public about a toxic release and
evacuating people from areas that are hazardous, would be much more difficult following a major
earthquake. Further, communities are accustomed to responding to hazardous materials releases one
at a time, while in an earthquake situation multiple accidents may occur simultaneously, greatly

compounding resource problems.

Although there has never been a major incident involving hazardous materials in a U.S. earthquake,
smaller releases have occurred in events that were moderate in size. A recent example is an accident at
a chlorine repackaging facility in the 1987 Whittier Narrows Earthquake, in which nearly one ton of
chlorine gas was released (FEMA, 1987). The research for this project combines seismic hazard
analyses, findings from research on earthquake-related failures in industrial facilities, and data on

airborne toxic releases to estimate the magnitude of the risk.

The main challenge in approaching this proialem from a community perspective is to develop a risk
assessment methodology that is sophisticated enough to provide the type of information needed for
more effective hazard management, that is also cost-effective to apply on a regional basis. Conducting
detailed seismic risk assessments and modeling potential failures in chemical facilities is very time
consuming and expensive, few communities can afford to conduct such studies. The objective of this
" project is to develop a general method that would enable local jurisdictions to determine the magnitude
of the problem and identify areas that are susceptible to earthquake-generated releases, yet would not

be cumbersome and prohibitively expensive to apply.



Adding to the complexity of the problem, highly hazardous materials number in the thousands, and new
products are constantly being developed. Before systematic analyses can be undertaken, it is necessary
to determine which hazardous substances are likely to pose the biggest threat to the community in an
earthquake. In this project, we have chosen to focus on two hazardous materals; chlorine and
ammonia. These substances were selected because: (1) they are responsible for a number of fatalities
and casualties in U.S. hazardous materials incidents; (2) they are present in large quantities in our study
area, Greater Los Angeles; and (3) they form clouds that can spread to adjacent areas, thus presenting

a hazard beyond the plant gates.



SECTION 2
METHODOLOGY

This risk assessment methodology as developed for this study is presented in Figure 2-1. As shown,
the methodology has 5 major components, as briefly discussed below. Details on how the generalized
methodology has been applied in the pilot application to Los Angeles County are presented in later

sections.

The first step in the methodology entails the collection of hazardous materials inventory data. This
data is often collected by local jurisdictions as part of permit or reporting requirements. Required data
include facility location (e.g., address or latitude and longitude), material and quantity stored, and
material usage (i.e., storage only, storage and processing, etc.). Data collected for the pilot application
on 22 of the largest users of chlorine and anhydrous ammonia in the Greater Los Angeles area are
discussed in Section 3.1. Facilities are further classified according to “generic” facility models - one for
chemical processing facilities and one for chemical storage and transfer facilities. Section 3.2 describes

these models.

The second major component of the methodology is the seismic hazard assessment. Modified Mercalli
Intensity has been selected as the seismic hazard indicator for the models developed in this st\idy. For
each facility storing hazardous materials, a seismic hazard assessment must be performed to estimate
strong ground shaking for a postulated earthquake scenario. Three scenarios have been selected for
the pilot application; a M 7.0 on the Newport-Inglewood fault, a M 8+ on the southern San Andreas
fault, and a M 5.9 simulation of the 1987 Whittier Narrows earthquake. Models used to develop
regional ground shaking estimates for the pilot application are documented in Section 3.3.

Each modeled facility must be classified into one of the generic facility categories. For this study, the
“generic” facility models have been developed to best reflect the characteristics of the 22 facilities
included in the pilot test. Representative components have been selected, and for each of the “generic”

facility models, component fragilities and associated failure probabilities have been developed through
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FIGURE 2-1 Methodology for Risk Assessment of Hazardous Materials Release During Earthquake



the use of a fault tree analysis. These models consider typical facility design, and determine likelihood
of failure of various failure modes. The component fragility models may be combined with site-specific
ground motions to estimate component and facility failure probabilities for a given earthquake scenario.

Details on the component vulnerability assessment are furnished in Section 3.4.

To determine regional impacts of component or facility failure, the consequences of failure must be
estimated. For each facility component with failure potential, resultant chemical plumes have been
modeled using physical dispersion models. Section 3.5 provides details of the physical dispersion
models used to represenf the behavior of airborne chemicals, and the probabilistic models used to
determine the location of plumes relative to population centers. The shape and extent of the airborne
plume must be overlain onto exposed population to estimate the number of people likely to suffer
exposure to potential hazardous materials clouds. The details of the population data are presented in

Section 3.6

The models and methodology defined above are implemented in a computer program designed to
determine overall risk to the population from earthquake-induced hazardous materials release. Section
3.7 describes the probabilistic approach used to aggregate this information in Program "Plume"; a
computer program which computes the number of people exposed to a hazardous materials release
given a specific earthquake in the Los Angeles area. Results of the trial run are discussed in Section

4.0.

The results and output from the methodology should enable the user to: (a) show which areas of the
community are likely to have the most problems with airbome releases; (b) show how many people
would be at risk from earthquake-generated accidents; and (c) assist emergency response agencies in
preparing for such incidents. The illustrative application of these steps are presented in the following

sections.






SECTION 3
APPLICATION OF RISK ASSESSMENT METHODOLOGY

To illustrate the application of the risk assessment methodology, a pilot study of the Los Angeles area
has been performed. The following sections describe data collection and development, including
development of a model computer program to calculate population exposure to earthquake-generated

hazardous materials release.
3.1 HAZARDOUS MATERIAL INVENTORY - DESCRIPTION OF FACILITIES

The group of facilities examined in this study includes twenty-two of the largest users of chlorine and
anhydrous ammonia in the greater Los Angeles area. Users include petroleum refineries, chemical
manufacturers, and wastewater treatment plants. Although the methodology as developed calls for
data obtained from inventories prepared under state and federal laws, these data were actually obtained

from a survey conducted by the South Coast Air Quality Management District (AQMD).

These facilities store and use varying amounts of chemicals, and are dispersed throughout the study
area. Figure 3-1 shows the locations relative to the Los Angeles - Orange County border. Major cities
are also noted on the figure. Facilities have been divided into three facility types based on chemical
usage: chlorine storage facilities, ammonia storage facilities, and ammonia processing facilities.

Chlorine storage amounts range from 4 to 1000 tons, while ammonia storage varies frorﬁ 2 to 206

tons. Table 3-1 indicates the usage of each facility, and the amount of each chemical stored on-site.
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TABLE 3-1 Chemical Facility Use and Storage - Los Angeles County

Facility Facility Type Chemical Storage
Chlorine Ammonia Ammonia Chlorine Ammonia
Storage Storage Processing (Tons) (Tons)
1 X X 4 40
2 X X 32 57
3 X X 8 26
4 X X 12 206
5 X 180
6 X 5
7 X X 10 15
8 X 450
9 X 5
10 X 26
11 X 454
12 X X 1000 14
13 X 25
14 X X 20 15
15 X X 270 1
16 X 90
17 X 48
18 X 26
19 X X 10 10
20 e 6
21 X X 24 2
22 X 100
Total 19 6 7 2653 Tons 538 Tons




3.2 "GENERIC" MODELS OF CHEMICAL FACILITIES

"Generic" facility models were developed for reasons of economy and efficiency. It was assumed that
facilities that perform the same function have more or less the same components, allowing for analysis
by facility type, rather than on an individual facility basis. This method is particularly applicable to the
Los Angeles area, where the range of facilities is soméwhat limited. Facilities are generally comprised
of the same components and follow similar process operations, using gaseous toxic chemicals as
reactants in the manufacturing process. Examples include plants using chlorine gas as a reactant to

form chlorinated hydrocarbons, and plants using hydrogen fluoride as a reactant to form freons.

The two basic models used in this study are the chemical processing model (Figure 3-2), and the
storage and transfer model. Components of the processing model that are subject to failure include the:
(1) pressurized storage vessel, (2) exothermic reactor; (3) piping; and (4) separator/regenerator. The
storage and transfer model is simply a subset of the processing model, consisting of a storage vessel

and associated piping.

While information about the number of vessels and their sizes was given for facilities engaged in
storage and transfer only, determining the sizes of the various components at processing plants were
less straightforward. Available data on the quantity of chemicals stored were limited to a total for the
facility; i.e., there was no breakdown of information regarding the amount residing in the various
vessels. Developing a method for determining the size of the various components based on the total
amount of the chemical stored at the facility was essential. It was believed that the simplest way to do
this would be to take an "average" facility, determine the component sizes, and somehow extrapolate

this to other facilities with varying amounts of storage.
The starting point for this method was the typical design of an ammonia processing plant with one

90-ton rail car of ammonia storage. Such a facility would require an exothermic reactor 10 feet in

diameter and 12 feet in height, and a separator vessel 3 feet in diameter and 6 feet in height. Since

10
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the density of anhydrous ammonia is known, it is possible to calculate the volume, in tons, of both the
reactor and the separator. The reactor would hold up to 18 tons of ammonia, while the separator

would hold slightly less than 1 ton.

This typical design can be used with an industry "rule-of-thumb" (Antonopolis, 1989) to determine the
size of reactors and separators for facilities with varying numbers and sizes of storage vessels. The

rule-of-thumb is as follows:

0.6
V2 =VIx(S2/S])

where: V2 = Volume of the vessel under consideration
V1 = Volume of the corresponding vessel in the typical facility
S2 = Total amount stored at the facility under consideration

S1 = Total amount stored at the typical facility (90 tons)

When this rule of thumb is applied to the ammonia processing plants, it is possible to determine the
necessary volume of the reactor and separator vessels. Table 3-2 presents the breakdown of facilities
as calculated by this equation. For simplicity, it would be optimal to choose one size vessel to
represent all reactors, and one size for all separators. It was apparent from the calculations that the
selection of a 20-ton vessel for the "generic" reactor and a 1-ton vessel for the "generic" separator
would be a fairly safe assumption, since these vessels are only occasionally full, but are expected to be
able to hold varying amounts of chemicals for processing at different capacities. Table 3-3 lists the

assumed components at each facility, including the breakdown of storage into vessels of various sizes.

One additional assumption concerning facility components was made: piping was assumed to be three
inches in diameter, a size common in many industrial uses. It was assumed that most piping at
chemical storage and processing facilities would be similarly sized, and therefore that the overall impact

of this assumption would be small.

12



for Ammonia Processing Facilities

TABLE 3-2 Calculated Reactor and Separator Vessel Sizes

Facility Amount Stored Reactor Size Separator Size
(Tons) (Tons) (Tons)
1 40 11 0.5
2 57 14 0.6
3 26 9 0.4
4 206 30 1.3
7 15 6 0.3
14 15 6 03
19 10 5 0.2

13




TABLE 3-3 Assumed Facility Components

Facility Ammonia Storage Vessels Ammonia Processing Chlorine Storage
Vessels Vessels
1 20 50 | 100 | 200 | Reactor | Separator 1 2 90
Ton | Ton | Ton | Ton | Ton | 20 Ton 1 Ton | Ton | Ton
Ton
1 1 1 1 2
2 1 1 1 32
3 1 1 1 8
4 1 1 1 6
5 2
6 5
7 1 1 1 5
8 5
9 5
10 1
11 4 5
12 1 11
13 25
14 1 1 1 10
15 1 3
16 1
17 48
18 1
19 1 1 1 5
20 6
21 2 24
22 1

14




3.3 EARTHQUAKE SCENARIOS AND GROUND SHAKING ESTIMATES

3.3.1 Earthquake Scenarios

Three different earthquake scenarios were modeled for this project. Only damage due to ground
shaking was considered, although alternative scenarios could be developed for other earthquake

effects, such as fault rupture, liquefaction and other ground failures.

Scenario 1 is a Magnitude 7.0 event on the Newport-Inglewood fault. This fault was the source of the
1933 Long Beach earthquake (M 6.3), which caused 120 deaths and $41 million (1933 dollars) in
damage. A major earthquake (M 7.0 or above) in the Newport-Inglewood Fault Zone would likely
result in numerous fatalities and injuries, billions of dollars in damages, and severe disruption of

economic activity at the local, regional, state and even national levels.

The San Andreas fault zone has long been recognized as the dominant seismotectonic feature in
California. One of California's largest historic earthquakes, the 1857 Fort Tejon Earthquake, occurred
along the San Andreas Fault in Southern California. With an estimated Magnitude of 8.3, this
earthquake was felt throughout southem and central California, western Nevada, Arizona, and
Northern Mexico - an area of over 135,000 square miles. Surface fault rupture extended for 360 - 400
kilometers. Scenario 2 is a Magnitude 8.3 earthquake on the San Andreas fault. This event involves
300 km of rupture along the Mojave, San Bernardino Mountain, and Coachella Valley segments of the
fault. Such an event would be expected to cause high ground shaking levels throughout the Los
Angeles Basin. As with the Newport-Inglewood event, losses and disruption would be significant.

Scenario 3 is a Magnitude 5.9 event - a simulation of the 1987 Whittier Narrows Earthquake. This
earthquake, with localized strong ground shaking, caused few deaths and injuries, but produced losses
exceeding $350 million. In addition, the earthquake caused a significant hazardous materials incident.

A tank in the City of Santa Fe Springs ruptured and leaked 240 gallons of chlorine into the air. The

15



resulting plume, which drifted through the industrial section of the city toward Whittier, prompted
evacuation of some areas (FEMA, 1987).

3.3.2 Ground Shaking Estimates

For each of the 22 source facilities, latitude and longitude locations were estimated. Ground shaking

intensities at each facility location were then computed for the three earthquake scenarios.

Peak ground accelerations (PGAs) were calculated at each location using a deterministic
magnitude-distance attenuation relationship (Campbell, 1981). This attenuation relationship was
derived from recorded strong ground shaking data from past earthquakes, and estimates site strong
ground shaking as a function of earthquake magnitude and distance from the facility to the fault rupture
segment.

Calculated PGAs were then converted to values of ground shaking intensity based on the Modified
Mercalli Intensity (MMI) scale (Table 3-4) using a conversion equation developed by Trifunac (1976).
Trifunac used regression analysis techniques to correlate 187 recorded strong ground shaking
accelerograms with corresponding Modified Mercalli Intensity observations. These conversions yield

MMI values equivalent to PGA values for sites located on "basement rock".

In order to account for varations in local ground conditions from "basement rock", MMI modifiers
were added to the "basement rock" MMI values. These modifiers were based on Evernden and
Thomson's (1985) site soil classifications and local soil information. Data on generalized local ground
conditions for the study area were derived from published geologic maps, including maps generated by
Tinsley and Fumal (1985), from their study of the areal variations in shaking response due to
earthquakes in southern California. MMI values may vary with local ground conditions as much as one
MMI unit for sites located the same distance from a given magnitude event. "Soft" (unconsolidated)
soil sites show the largest response, adding up to one additional MMI unit, while "hard" (usually older,

consolidated) soil or rock sites show the smallest response.
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TABLE 3-4 Modified Mercalli Intensity Scale
(excerpt, abridged)

Not significant to structures.

Felt by all; many are frightened and run outdoors. Some heavy fumniture moves;
a few instances of fallen plaster or damaged chimneys. Damage slight.

Everybody runs outdoors. Damage negligible in buildings of good design and
construction; slight to moderate in well-built ordinary structures; considerable
in poorly built or badly designed structures, some chimneys broken. Noticed
by persons driving motorcars.

Damage slight in specially designed structures, considerable in ordinary
substantial buildings, with partial collapse; great in poorly built structures.
Panel walls thrown out of frame structures. Chimneys, factory stacks, columns,
monuments, and walls fall. Heavy fumiture overturned. Disturbs persons
driving motorcars.

Damage considerable in specially designed structures, well-designed frame
structures thrown out of plumb; damage great in substantial buildings, with
partial collapse.  Buildings shifted off foundations. Ground cracked
conspicuously. Underground pipes broken.

Some well-built wooden structures destroyed, most masonry and frame
structures destroyed, along with foundations; ground badly cracked. Rails
bent. Landslides considerable from river banks and steep slopes. Shifted sand
and mud. Water splashed (slopped) over banks.
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Thus, for the earthquake scenarios modeled, strong ground motion estimates were generated which
incorporate generalized local ground conditions, as well as regional ground shaking parameters. These
intensities are listed in Table 3-5. Figure 3-3 shows the resulting shaking intensity map for Scenario 1 -
a Magnitude 7.0 earthquake on the Newport-Inglewood Fault.

3.4 COMPONENT VULNERABILITY MODELS
3.4.1 Fault Tree Analysis

In determining the likelihood of damage or failure for complex systems such as chemical facilities, it is
not possible to identify just one or two failure modes that could be sources for overall system failures.

Instead, all conceivable failure modes must be identified, and their individual contributions to overall
facility failure must be systematically combined. A method called fault tree analysis has been found
useful for this kind of assessment. In fault tree analysis, Boolean techniques are used to model the
interdependency of individual component failures. Cases where several failure modes must occur for
some "fault" to occur are modeled using "AND gates." Cases where some "fault" can occur due to

one or more failure modes are modeled using "OR gates"

The fault tree models for earthquake-generated failures and toxic releases for chemical processing
facilities, and storage and transfer facilities are presented in Figures 3-4 and 3-5, respectively. Failures
can stem from a number of sources, including power failures, earthquake damage to the systems that
normally keep the processes under control, and damage to individual components and connections in

the system.
3.4.2 Damage Models and Probabilities

Figure 3-6 illustrates generic earthquake damage curves for four types of chemical processing

equipment: horizontal storage vessels, reactors, temperature control facilities, and feed controllers.
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TABLE 3-5 Strong Ground Shaking Estimates (MMI) for Facility Sites

Facility Number Scenario 1 Scenario 2 Scenario 3
Newport Inglewood San Andreas Whittier Elsinore
M=17.0 M=83 M=59

1 8.9 7.6 6.2

2 9.0 7.4 6.4

3 8.7 7.4 6.2

4 8.7 7.5 6.1

5 8.6 8.0 7.6

6 95 7.6 6.6

7 88 74 6.3

8 8.5 8.0 79

9 8.4 7.9 7.6
10 7.7 8.2 8.0
11 8.7 7.4 6.2
12 8.9 7.5 6.4
13 8.7 7.6 6.0
14 8.7 7.5 6.2
15 84 7.9 7.7
16 92 7.5 6.5
17 94 7.5 6.6
18 73 83 6.0
19 8.9 7.4 6.3
20 9.2 75 6.5
21 8.6 7.4 6.2
22 84 7.8 73
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FIGURE 3-3

EXPLANATION
1 Chlorine Storage 4 Chlorine Storage
and Ammonia storage

2 Chlorine Processing
5§ Chilorine Processing
3 Chlorine Storage and and Ammonia Storage
Ammonia Processing
€ Ammonia Storage

0 45 9.0

SCALE IN MILES

Shaking Intensity Map (Modified Mercalli Intensity) for a Magnitude 7.0 Earthquake
on the Newport-Inglewood Fault with Site Locations
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Release of Significant
Toxic Material

Failure of Pressurized Failure in
Chemical Storage Vessel Facility Piping

FIGURE 3-5 Fault Tree Model for Toxic Chemical Release for Storage and Transfer Facilities
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FIGURE 3-6 Earthquake Damage Curves for Chemical Processing Equipment
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These components were selected because they are the components that typically contain large
quantities of chemicals, which would be released in the event of a failure, and also because they are the
components most vulnerable in the event of an earthquake. Because little data are available on the
performance of all these components in actual earthquakes, expert judgments on the likelihood of
damage and failure were elicited. This approach has been used extensively in seismic vulnerability
analyses (see Applied Technology Council, 1985). Appendix A contains the Damage Probability

Matrices used in developing the curves in Figure 3-6.

Figure 3-6 indicates that significant levels of damage would be expected for MMIs above IX. Of the
four types of components, the most vulnerable are horizontal storage vessels and reactor vessels. The
critical failure modes will likely involve failure of the piping that connects to vessels, rather than the

failure of the vessels themselves.

Failure probabilities for each of the components that were listed in Figure 3-4 were estimated from the
damage curves in Figure 3-6. Critical failure modes that could lead to an airborne release of a large
quantity of hazardous material were identified and the probabilities of these failure modes actually
occurring in an earthquake were estimated. The probability of the release of toxic material was
estimated for each MMI level by integrating the individual probabilities for each component. In
estimating the probability of failure for each component, a failure threshold of severe damage (see
Tables A.1 through A 4 in Appendix A) was assumed. Figure 3-7 presents the product of that analysis,
an integrated probability of failure fragility curve for a chemical processing facility. Significant failure
probabilities are expected for ground shaking intensities above MMI IX. As shown m Figure 3-2,
one-fourth of the facilities identified in this study are in the MMI IX zone for Scenario 1.

3.5 PLUME MODELING
3.5.1 Plume Dimensions

The size and shape of the area exposed to anhydrous ammonia (NH;) or chlorine gas (Cl;) following an

earthquake-induced hazardous materials release were estimated through a chemical dispersion analysis.
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FIGURE 3-7 Earthquake Probability of Failure Curve for Chemical Processing Facilities
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The results of this analysis yield a conservative estimate of the zone of vulnerability, or area in which
specific health criteria may be exceeded, for a given release and meteorological condition. The

complete text of the dispersion analysis report is contained in Appendix B.

Three accidental release modes were simulated in the dispersion analysis:

- an instantaneous release of NH; or Cl, from a catastrophic storage vessel
failure,

- a continuous release of NH; or Cl, from an uncontrolled liquid line rupture, or

- a finite duration release of NH; or Cl; from a liquid line rupture where a
supplementary control system or check-valve limits the release length to 5

minutes.

The dispersion of the resulting hazardous materials clouds were modeled using the SLAB dispersion
model (Ermak, 1989), for various meteorological conditions typical of the Southern California Air
Basin, as indicated in Table 3-6.

The range of wind velocities and stabilities considered are within those recommended by the U.S. EPA
for screening purposes in urban areas (EPA, 1988). Temperatures and relative humidities used were

based on climatological averages for downtown Los Angeles (NOAA, 1981).

In order to determine potential zones of vulnerability, it was necessary to establish health criteria or
levels of concem for both Cl; and NH;. The chemical-specific health criteria used were based on the
Emergency Response Planning Guidelines (ERPGs) developed by a committee of the American
Industrial Hygiene Association (AIHA). The criteria selected for this study was ERPG 3, "the
maximum airborne concentration below which it is believed that nearly all individuals could be exposed
for up to one hour without experiencing or developing life-threatening health effects." This exposure

level is 20 ppm for Chlorine and 1000 ppm for Ammonia.
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TABLE 3-6 Meteorological Scenarios Considered

Wind Speed Ambient Relative Humidity Pasquill Stability
(m/s) Temperature (K) (%) Class
1.5 ‘ 297 53 B
L5 297 53 C
3.0 297 53 C
6.0 297 53 C
1.5 292 63 D
3.0 292 63 D
6.0 292 63 D
1.5 286 74 E
30 286 74 E

27




For each meteorological condition and release mode, a zone of vulnerability or hazard footprint was
determined. As a conservative estimate, the composite maximum width and length were taken to
represent a generalized footprint for each release mode (i.e., the largest width and length from all
meteorological conditions are used to define the exposure area for each release mode). These results

are summarized in Table 3-7.

In general, vulnerability zones were larger under slightly stable (Pasquill stability class E) atmospheric
conditions, and with slower wind speeds, although downwind extent (plume length) varied significantly

with the size of the materials release.
3.5.2 Plume Position

Because it would be virtually impossible to account for all of the variables that influence the position of
the hazardous materials plume, such as wind speed and direction, a probabilistic approach was taken

for the determination of the likelihood that a given site will be within any hazardous material plume.

Although hazard footprints are sometimes irregular, varying from tear-drop shape to circular,
hazardous materials plumes were modeled as ellipses. (The composite maximum plume dimensions,
length and width, were converted to ellipse parameters a and b). This general model was deemed

appropriate because it was able to capture most of the characteristics of the irregular footprints.

Given an elliptical plume pattern (see Figure 3-8), the plume will exist somewhere within a circle
defined by sweeping the ellipse (fixed at the source) through a 360 degree arc. The plume's exact
position within this circle is unknown. Only sites within this circle can be exposed to the chemical

plume.
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TABLE 3-7 Composite Maximum Footprint Length and Width

AMMONIA CHLORINE
CASE
Length (m) Width (m) Length (m) Width (m)

20 T Vessel 928 372 4931 754
Catastrophic Failure
1 T Vessel Catastrophic 181 90 980 194
Failure
3" Line 263 133 3286 760
5 Min. Release
3" Line 409 434 6016 1646
Continuous Release
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distance between
source and site
ellipse parameter
1/2 length of plume
ellipse parameter
1/2 width of plume

FIGURE 3-8 Elliptical Plume Model
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If one draws a circle with the center at the source, and the radius equal to the distance from the source
to the site, the site will be within the plume if it sits anywhere along the arc defined by the intersection
of this circle and the plume (See Figure 3-8). Since the width of the plume, and hence the length of this
arc, varies with the distance from the source, the probability of the site being located within the plume
(on the arc) varies with distance from the source. Hence, this probability will depend on three factors;
the parameters that define the plume (semi-axes a and b), and the distance, d, from the site to the

source of the plume.

The following derivation yields the probability of the site being anywhere along the arc through the
plume. The derivation begins by placing the plume such that the site lies somewhere along its edge
(See Figure 3-9). If we drop a perpendicular from the site to the plume axis, the distance from the
center of the plume to the point of intersection will be denoted as x. (The plume center will be taken as
the origin for measuring x; x will be negative if located to the left of the plume center, positive to the

right.) x is calculated as follows (a complete derivation of x is presented in Appendix C):

If Q (Theta), measured in radians, represents the angle between the plume axis and a line connecting

the source to the site, then

cosO=(a+x)/d

The length of the arc through the plume, S, is calculated from
8§ =206d

and the probability, P, that the site is along this arc may be calculated as the ratio of the arc length to

the circumference, C, of the circle with radius d:
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d = distance between
source and site

a = ellipse parameter
1/2 length of plume

b = ellipse parameter
1/2 width of plume

site

source

x..

FIGURE 3-9 Model for Determining Site Exposure Probability

32



3.6 POPULATION DATA

Population data from the 1980 census was available for enumeration districts in the five counties in the
Los Angeles basin: Los Angeles, Orange, Riverside, San Bernardino, and Ventura Counties. In these
five countieé, a total of 10,370 enumeration districts represent 11.5 million people. For each
enumeration district, a population count is associated with a representative geographic point location.

Table 3-8 provides a breakdown of enumeration districts and population by county.
3.7 PROGRAM "PLUME"

To get a true sense of the overall risk, it was important to somehow aggregate all the data and
information collected in first six steps of the risk assessment methodology. The means by which this
was accomplished was the development of a computer program. Program "Plume" was designed to
take the collected information as input, and output the number of people exposed to hazardous

chemicals in a given earthquake event.
3.7.1 Program Input
Hazardous materials source information input for the program includes:

o facility number

o facility location

e calculated strong ground shaking at each facility location for each of the three earthquake
scenario events (see Table 3-5)

e chemical usage at each facility, chlorine storage, and/or ammonia storage or ammonia
processing (see Table 3-1)

e number of storage vessels at each facility (see Table 3-3):

e standard sizes for ammonia storage vessels are 1-ton, 20-ton, 50-ton, 100-ton, 200-ton

e standard sizes for chlorine storage vessels are 1-ton, 2-ton and 90-ton.

33



TABLE 3-8 Enumeration District Information By County

(1980 Census)
County Total Number of Maximum Average District
Population Enumeration District Population
Districts Population
Los Angeles 7,477,503 6,507 8,050 1,149
Orange 1,932,709 1,381 8,828 1,400
Riverside 663,166 989 5,774 671
San Bernardino 895,016 975 12,552 918
Ventura 529,174 518 5,418 1,022
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Population data input includes:
e location of each enumeration district
e population associated with each enumeration district

e county within which each enumeration district is located.

Other information built into the program includes:
o cllipse parameters (a and b) for release plumes from various facility components:

e at ammonia-handling facilities: 1-ton, 20-ton, 50-ton, 100- ton, and 200-ton
storage vessels, 1-ton separator vessels, 20-ton reactor vessels, and 3-inch diameter
piping

e at chlorine storage facilities: 1-ton, 2-ton, and 90-ton storage vessels, and 3-inch
diameter piping

e slopes and y-intercepts for the logarithmic determination of the probability of component

failure in each failure mode, at various Modified Mercalli Intensity levels.

3.7.2 Program Calculations

A probabilistic approach forms the basis of Program "Plume". The general procedure used for
calculating population exposure at a given site from a given hazardous materials source, for a given

earthquake event is as follows:

1) Based on the ground shaking intensity (MMI) at the hazardous materials source,
calculate the probability of failure in each failure mode for each facility component.

Also note the resultant plume size if failure were to occur in each component.

2) For each population center, calculate the distance from hazardous materials source to

the population site.

3) For each component at the source facility, check whether the population site could be

located within the resultant plume if failure occurs.
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4)

5)

If the distance to the population site is less than the length of the plume, calculate the
probability that the plume will form over the site.

Aggregate these probabilities for all components at the source to find the total
probability of exposure at the population center. Given a facility, source j of
usage(s) k (chlorine storage, and/or ammonia storage and/or ammonia processing)
with as many as n each of i different component types, n(i), each failing in a
characteristic failure mode (component types and failure modes will vary for
different facility types - chlorine storage, ammonia storage, and ammonia

processing facilities), and a population center (site) m, then:

Py(1,)) = probability of failure of component i, at source j

P>(i,j,m) = probability that site m is within the plume resulting from failure
of component i at source j

Ps(i,j,m) = probability of no exposure to hazardous materials at site m from
a single component of type i at source j
= 1.0- [Pl(l, J) * Pz(i, J;m)]
For sources with n(i) components of type i, this equation becomes
= {L0- [Pi(i,j) * Po(i, j,m)]}"®

P4(j,k,m) = probability that failure at source j, with facility usage k, causes
exposure to hazardous materials at site m
= 1.0 - IT; P5(i,j,m)

Ps(j,m) = the total probability of exposure to hazardous materials at site m

due to a release at source j

= 1.0 - IL[1.0 - P4(j,k,m)]
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POPEXP(j,m) = total expected population exposed to hazardous materials at site
m due to a release at source j

= Ps(j,m) * (population at site m)
These values may be aggregated such that total exposure of each site from all sources is

produced. For each site, m:

SPNEXP(m) = probability of no exposure at site m from all sources

=1.0 - IT;Ps(j,m)
SPEXP(m) = total probability of exposure at site m from all sources
= 1.0 - SPNEXP(m)
SPOPEXP(m) = total expected population exposed at site m from all hazardous

materials sources
= SPEXP(m) * (population at site m)

This procedure is used to calculate the exposure at each site from each source, and from all
sources in each earthquake modeled. In our example, the exposure is further aggregated -

exposure numbers are summed by county.
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SECTION 4
RESULTS

This section introduces the results of the pilot application of the risk assessment methodology. Section
4.1 discusses the assumptions made and the limitations of the results. Section 4.2 presents the program

output and associated results.
4.1 ASSUMPTIONS AND LIMITATIONS

This application of the methodology has been made for illustrative purposes. Simplifying assumptions

have been made, and the information developed has certain limitations.

1. Only 22 sources within the city limits of Los Angeles have been included. Other sources
certainly exist, and the inventory at sources, both identified and not identified, fluctuates over

time.

2. Only sources of ammonia and chlorine have been included. Many other chemicals are
dangerous, though perhaps not as commonly used. Different chemicals will have different
health-safety effects and dispersion patterns. Each jurisdiction should identify those

hazardous chemicals prevalent among their industrial sectors.

3. Only strong ground shaking hazards have been considered. Other related hazards that could
generate a hazardous materials release include surface faulting, liquefaction, fire and building

collapse.

4. Vulnerability models of "generic" facilities are representative of fhe "average" facility
performance. Individual facility performance will vary depending on such factors as general
facility conditions, quality of maintenance, age and quality of manufactured facility

components, and site soil characteristics.
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approach used for this project. Actual atmospheric conditions will certainly affect plume

dispersion.

6. Population data were available on a point basis - a geographic point was assigned the
population count of the surrounding area, but the actual dimensions of that area and density
distribution within that area are unknown. Exposure was calculated by assuming that the

population was concentrated at the point given.

7. Failures, as modeled, result from mechanical causes only. Failures caused by human error are

not considered.

4.2 POPULATION EXPOSURE

Output from the computer analysis consisted of the number of people exposed to hazardous materials
in each county, as a result of each earthquake modeled. Table 4-1 presents these population exposure
numbers. In addition, for each scenario, the population centers with the largest exposure

(approximately 20 enumeration districts) to each event have been identified and mapped.

Scenario 1: Newport-Inglewood Event

As a result of a M 7.0 earthquake on the Newport-Inglewood fault, 133,000 people would be exposed
to hazardous materials released from the 22 subject sources. Of the more than 3000 enumeration
districts affected by hazardous materials, only 1% have more than 500 people affected, 90% have
fewer than 100 people affected, and 40% have fewer than 10 people affected. The maximum number
of people exposed at any one site is approximately 1400. The 20 sites with the greatest number of
people affected are plotted in Figure 4-1. Each site has more than 500 people affected. The people
exposed at these sites comprise 12% of the total number of people subjected to hazardous release as a

result of this earthquake.
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TABLE 4-1 Population Exposure To Hazardous Materials By County

County Population Total Percent
Exposed Population Exposed
Scenario 1: M 7.0 Los Angeles 132,509 7,477,503 1.800%
Newport/Inglewood Orange 491 1,932,709 0.030%
Event Riverside 0 663,166 n/a
San Bemardino 0 895,016 n/a
Ventura 0 529,174 n/a
Scenario 2: M 8.3 Los Angeles 20,546 7,477,503 0.300%
San Andreas Event Orange 217 1,932,709 0.010%
Riverside 0 663,166 n/a
San Bernardino 0 895,016 n/a
Ventura 0 529,174 n/a
Scenario 3: M 5.9 Los Angeles 6,503 7,477,503 0.090%
Whittier/Narrows Orange 157 1,932,709 0.008%
Earthquake Riverside 0 663,166 n/a
San Bernardino 0 895,016 n/a
Ventura 0 529,174 n/a
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Scenario 2: San Andreas Event

From the listed sources, 20,763 people would suffer exposure to hazardous materials following a M
8.3 event on the San Andreas fault. The stricken population would be distributed among 2860
enumeration districts. Of these sites, 99.9% would have fewer than 100 people affected, and 81.5%
would have fewer than 10 people affected. The most affected at one site would be only 211 people.
All sites with more than 70 people (22 sites) affected by an earthquake-generated release are plotted in
Figure 4-2 (9.5% of the affected population).

Scenario 3: Whittier-Narrows Event

In the smallest of the three events, 6660 people would be stricken by hazardous materials release. 1800
enumeration districts would be affected; 99.7% of these would have fewer than 25 people affected, and
75% would have fewer than 5 people affected. The largest number of people affected by the release at
any one site is 57 people. 21 sites with 19 or more people stricken are plotted in Figure 4-3. These

sites represent 7.8% of the total population affected as a result of this earthquake.
4.3 CONCLUSIONS

Hazardous materials release threats exist wherever hazardous materials are stofed.

Earthquake-induced releases are a very real possibility. Based on the 22 sources identified for this
study, the most serious releases would occur not in the largest postulated earthquake, but in the
earthquake causing the strongest ground shaking at the hazardous materials sources. This earthquake,
the Magnitude 7.0 Newport-Inglewood event, would cause ground shaking of at least intensity 8.0 at
all but two of the studied sources. In contrast, the M 8.3 San Andreas event causes MMI 8.0 or more

at only 4 sites.
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One of the most serious hazardous materials threats is presented by the storage of large quantities of
chlorine in areas expected to suffer strong ground shaking. Chlorine is stored in vessels as large as
90-ton rail cars, whose failure plumes can extend over 7 miles. The identification of chlorine as the
major threat enables users to address this risk by concentrating efforts in improving performance of

existing vessels, developing smaller safer vessels, or perhaps relocating storage facilities.

The failure models developed for use in this study are based on conservative assumptions regarding
failure thresholds. Even with these conservative assumptions, the largest total expected population
affected in any of the three scenarios is 133,000 or less than 2 percent of the total population of Los
Angeles County. These estimates, however, do not include risks that may result from failure of
chemical facilities in counties other than Los Angeles, or from chemicals other than ammonia or

chlorine. A more complete analysis of risk must include these other facilities and chemicals.

4.4 FUTURE DIRECTIONS

Based on the results of the pilot application of the methodology, the following possible future

directions have been identified:

1. Review recent earthquake performance (e.g., Northridge and Kobe) for application-of lessons
learned to the methodology. Models should be evaluated in light of earthquake experience

data that was not available at the time of model development.

2. A significant amount of hazardous materials inventory data is collected by local jurisdictions,
typically by the fire department. These databases should be examined, and guidelines for

conversion or translation into an appropriate format developed.

3. Extension of facility models to a more diverse range of facility types. Currently, one model
has been developed to represent “chemical processing facilities”. Additional data on actual
facility make-up needs to be collected to facilitate the development of a range of processing

facility models.
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4. Extend the assessment to additional hazardous chemicals which produce airborne clouds. The
pilot application incorporated only two chemicals - ammonia and chlorine. For wider

application, these models should be extended to additional chemicals or families of chemicals.

5. Fragility models which consider ground failure hazards such as settlement or liquefaction

should be explored.

6. For emergency management applications, the population databases should be stored in such a
way that database attributes are accessible. That is, information regarding population age or
language requirements would be useful information for the planning or execution of potential

evacuations.
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TABLE A-1 Damage Probability Matrix for Horizontal Storage Vessels

* DAMAGE ' | 'DAMAGERATIO(%) - | ~ MODIFIED MERCALLIINTENSITY (MMD
- STATE | e I At PN L R SR I L
RANGE CENTRAL VI vl vl IX X
VALUE

NONE 0-0.08 0 0.91 0.80 0.55 0.25 0.1
LIGHT 0.05-1.25 0.3 0.08 0.15 0.32 0.40 0.2
MODERATE 1.25-20 L] 0.01 0.045 0.125 0.25 0.36
SEVERE 20 - 65 30 0 0.0058 0.02 0.09 0.28
TOTAL 65-100 100 0 0 0.005 0.01 0.06
Y 1.0 1.0 1.0 1.0 1.0

Damage State Descriptions:

None - None or insignificant structural damage.
Light - Slight Movement of tank from support.
Moderate -  Failure of some connected piping; repairable damage to the tank support

system; moderate likelithood of release of tank contents.

Severe - Failure of most piping connections; tank support system completely failed;
almost certain release of tank contents.

Total - Failure of all piping connections; tank support system completely failed,
tank itself damaged (possible buckling); contents of tank released.



TABLE A-2 Damage Probability Matrix for Reactor Vessels

"DAMAGE | DAMAGERATIO (%) | . MODIFIED MERCALLI INTENSITY (MMD)
STATE | DR T T S
RANGE CENTRAL A% | vl vil IX X
VALUE
NONE 0-0.05 0 0.93 0.81 0.5 0.25 0.1
LIGHT 0.05 - 1.25 0.3 0.07 0.15 0.35 0.35 0.2
MODERATE 1.25-20 5 0 0.04 0.14 0.3 0.44
SEVERE 20 - 65 30 0 0 0.01 0.09 0.21
TOTAL 65-100 100 Y 0 0 0 0.01 0.05
> 1.0 1.0 1.0 1.0 1.0

Damage State Descriptions:

None - None or insignificant structural damage.
Light - Minor buckling of some cross braces in support structure.
Moderate -  Failure of some connected piping; repairable damage to the reactor support

system; moderate likelihood of release of reactor contents.

Severe - Failure of most piping connections; reactor support system almost
completely failed; almost certain release of reactor contents.

Total - Failure of all piping connections; reactor support system completely failed;

reactor itself severely damaged (possible buckling and shearing); contents
of reactor released. )
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TABLE A-3 Damage Probability Matrix for Feed Controller Units (Pump)

' DAMAGE | DAMAGERATIO(%) | = MODIFIED MERCALLI INTENSITY (MMI)
- STATE | - N o R
RANGE CENTRAL VI vl vl X X
VALUE
NONE 0 - 0.05 0 0.96 0.9 0.75 0.6 0.35
LIGHT 0.05 - 1.25 0.3 0.04 0.095 0.23 0.3 0.4
MODERATE | - 1.25-20 5 0 0.005 0.02 0.10 0.245
SEVERE 20 - 65 30 0 0 0 0 0.005
TOTAL 65 - 100 100 0 0 0 0 0
p 1.0 1.0 1.0 1.0 1.0

Damage State Descriptions:

None -

Light -

Moderate -
Severe -

Total -

None or insignificant structural damage.
Possible movement of equipment; no damage to piping.

Failure of some connected piping; equipment displaced with some internal
damage; moderate chance of release of reactants.

Failure of most piping connections; equipment damaged; almost certain
release of reactants.

Failure of all piping connections; equipment damaged; reactants released.




TABLE A-4 Damage Probability Matrix for Temperature Control Facilities

" DAMAGE | DAMAGERATIO (%) |  MODIFIED MERCALLI INTENSITY (MMI)
RANGE CENTRAL VI v vl X X
VALUE

NONE 0-0.05 0 0.95 0.9 0.7 0.45 0.15
LIGHT 0.05-1.25 0.3 0.05 0.095 0.25 0.35 0.35
MODERATE 1.25-20 ) 0 0.008 0.048 0.195 0.45
SEVERE 20 - 65 30 0 0 0.002 0.005 0.048
TOTAL 65 -100 100 0 0 0 0 0.002

p 1.0 1.0 1.0 1.0 1.0

Damage State Descriptions:

None -

Light -

Moderate -

Severe -

Total -

None or insignificant structural damage.

No structural damage to building; light damage to nonstructural systems in
building; no damage to mechanical or electrical equipment for temperature
control systems.

Minor structural damage to building; significant damage to nonstructural
systems; some interruptable damage to mechanical and electrical
equipment.

Major structural damage; structure unuseable because of extensive
nonstructural damage; extensive damage to mechanical and electrical
equipment; temperature control system completely down.

Possible collapse of building; all internal systems severely damaged or
down.
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DISPERSION MODELING ANALYSIS
HYPOTHETICAL CHLORINE AND AMMONIA RELEASES

1.0 Introduction

A dispersion modeling analysis was conducted to determine the consequences
of hypothetical releases of anhydrous ammonia (NH3) and chlorine (Clz) that might
be associated with a major earthquake in the South Coast Air Basin (SCAB). The
consequence analysis was one component of an overall risk assessment methodology
for estimating the potential risk and repercussions of post-earthquake releases
of acutely hazardous materials. Dispersion modeling tools were applied to
simulate the behavior of NH; and Cl, discharges over a wide range of potential
release conditions. The objective of the dispersion modeling analysis was to
provide a conservative estimate of the zone of wvulnerability for a given
accidental release and meteorological condition. The zone of wvulnerability was
determined as the maximum width and distance downwind that a specified level of
concern (LOC) for NH; or Cl, may potentially be exceeded. The zone of
vulnerability, number of people potentially affected, and probability of each
hazardous release can be combined with the spatial distribution of individual
facilities to provide the types of information that can aid emergency response
planning. The probability of the failures occurring and the population likely
affected were topics of other components of the overall risk assessment

methodology.

The dispersion modeling methodologies that were applied depended in part
on the mode and duration of the release, and hence the nature of the postulated
accident. The two types of hypothetical accidents simulated were:

- a two-phase (vapor plus aerosol) jet discharged from a break in the liquid
supply line to a storage vessel; and

- a two-phase aerosol cloud from a catastrophic rupture of the storage

vessel.

These two types of failures were selected: based on an inventory of facilities
using or storing NH; and Cl, in the SCAB, after consideration of seismic
vulnerability, and based on experience gained through the preparation of Risk
Management and Prevention Programs (RMPP) for individual facilities . Dispersion
modeling simulations were conducted for a range of typical storage vessel sizes
and for supply lines of different diameters. For the vessel failure case, it was
assumed that the entire contents were instantaneously released. Both continuous
and 5 minute discharges were simulated in the potential event of a line rupture.



The following sections describe the techniques applied for the estimation
of zones of vulnerability for each potential release. Section 2.0 describes the
dispersion modeling methodologies that were applied including the derivation of
source terms and initial conditions, applicable dispersion models, and post-
processing of model results. The health criteria used to assess the significance
of predicted concentrations of NH; and Cl, are discussed in Section 3.0. The

results of the dispersion modeling analysis are presented in Section 4.0.

2.0 Dispersion Modeling Methodology

Observations from field experiments (Wheatley, 1987) and experience from
historical accidents (Kaiser and Walker, 1978), suggest that the majority of NHy
releases from pressurized storage vessels produce either a two-phase jet or an
aerosol cloud. Although less evidence has been obtained for Cl,, a liquid phase
release under pressure would also likely produce a significant aerosol fraction
(Hanna and Drivas, 1987; AICHE, 1989). The presence of the aerosol and
subsequent evaporation produce a cold, denser-than-air, plume. The simulation
of dense gas clouds and two-phase jets, specification of initial conditions,
estimation of discharge rates, selection of meteorological scenarios, and
derivation of hazard footprints are discussed below.

2.1 Two-Phase Dispersion Models

The discharge of liquid phase NH; or Cl, from a storage vessel at elevated
pressure and near ambient temperature would likely result in the formation of a
denser-than-air aerosol. The pressurized liquid would flash to ambient pressure
and some or all of the remaining liquid may atomize and become entrained in the
plume. Close to the point of release a high velocity two-bhase jet would be
formed, followed further downwind by a plume dominated by buoyancy-induced
spreading. Field experiments examining the release of NH; have shown that
estimates of downwind concentrations were under-estimated when conventional
dispersion modeling techniques were employed (Spicer, Havens, and Key, 1987).
This was primarily attributed to an over-prediction of the vertical dispersion
by the Gaussian models which do not consider the stable stratification and
reduced vertical mixing of the dense gas cloud. In order to simulate such
aerosol releases and the dispersion of denser-than-air clouds, the consequence
analysis utilized a modeling system based on the SLAB dispersion model (Ermak,
1989).

This SLAB model was developed by Lawrence Livermore National Laboratory and
is available in the public domain. The model has undergone extensive peer review
since it’'s initial formulation (eg. Blewitt, et al. 1987; Ermak, et al. 1982,
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and Petersen, 1989) and has also been evaluated using a variety of field data.
The initial portions of a release can be simulated by a steady state jet followed
by a transient puff or continuous plume. The SLAB model incorporates the modules
essential to simulate a denser-than-air aerosol releases, namely:

- turbulent growth due to a high momentum horizontal jet,

- buoyancy-induced gravity spreading which produces a wider and lower cloud,

- reduced turbulent mixing due to stable density stratification;

- thermodynamic effects due to aerosol formation, evaporation, and heating
of the cloud by the ground, and

physical effects due to normal atmospheric diffusion and advection.

The SLAB model numerically solves the coupled mass, energy, and momentum
conservation equations to yield instantaneous ensemble averaged cloud or plume
properties. These predictions are then post-processed within the code to predict
time-averaged volume concentrations. The averaging routines take into
consideration the effects of plume meander which varies with concentration
averaging time, the possible finite duration of the release, and the length of

the averaging time.

The SLAB model was applied in three basic modes during the present
consequence analysis:

- an instantaneous release of a two-phase aerosol cloud due to a
catastrophic NH; or Cl, storage vessel rupture,

- a continuous release of NH; or Cl, involving a high momentum two-phase
horizontal jet due to an uncontrolled liquid line rupture, and

- a finite duration release due to a liquid line rupture, where a
supplementary control system or check-valve limits the release to 5

minutes.

It was conservatively assumed that two-phase NH; or Cl, jets would be
oriented horizontally downwind and would not be impeded by obstructions
surrounding the release. All of the liquid phase was assumed to atomize and
become entrained in the plume. Further, instantaneous releases were modeled
assuming no initial dilution and no removal of droplets at the surface were

considered for any of the releases.
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2.2 Source Terms and Initial Conditions

Application of the SLAB model required estimates for mass emission rates
and discharge conditions for each release simulated. For the catastrophic vessel
failure, the entire contents were instantaneously released from an assumed
initial cylindrical volume where the radius was twice the height. No initial
dilution or entrainment of air was assumed. The initial density and liquid mass
fractions of the instantaneous releases were as specified for the line rupture

discussed below.

The initial density, velocities, liquid mass fraction, and mass emission
rates for the two-phase jets resulting from a potential liquid line rupture were
calculated using the suggestions of Fauske and Epstein (1987). It was assumed
that the liquid Cl, and NH; were stored at saturation vapor pressure and near
ambient temperature. The discharge rates for two-phase choked flow at
equilibrium were estimated from:

h
0= FA vap (Tocpl)—l/z (eq 1)

1 -1

Pv P

where:

Q = the total mass discharge rate (kg/s),

A = the cross-sectional area of the pipe outlet (mz),

F = a factor to account for frictional losses for long pipes,
pl= the specific heat of the liquid (J/(kg-°K)),

Py P~ the respective gas and liquid densities (kg/m3),
T, = the storage temperature (°K), and

h = the latent heat of vaporization (J/kg).

vap

After Fauske and Epstein (1987), based on the length of the pipe (L) and the pipe
diameter (D), the factor to account for frictional losses was determined from the
following table.
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Variation of Factor F with Ratio L/D

L/D F

0 1.00
50 0.85
100 0.75
200 0.65
400 0.55

For the purposes of the present analysis, the break was assumed to occur at 20
feet from the storage vessel. Since, the variation in the factor (F) is
relatively small when compared to other uncertainties in the analysis, this adhoc
assumption is not expected to significantly affect the outcome of the analysis.

In addition to the mass emission rate, the SLAB model must also be
initialized with estimates of the exit velocity, amount of aerosol, and mixture
density. The specification of these quantities is important in determining the
initial enthalpy of the mixture and hence the energy balance for calculations
dovnstream of the point of release. For an all-liquid discharge, the mass

fraction of the vapor component (a) was estimated from:

To - Ty (eq. 2)
@ = Cp —i%;__—ﬂ q
vap

where:

¢ = 1initial mass fraction of NH; or Cl, vapor, and

TM;= the boiling point temperature (°K).
For the pressurized storage vessels considered in the offsite consequence
analysis application of Equation (2) resulted in an initial vapor mass fraction
of 0.2 for storage temperatures of 292°K (mean annual temperature) for both Cl,

and NH3.

The initial jet mixture density was determined from:



& . i-a (eq. 3)

where Pmix is the mixture density (kg/m3). For the initial mass fractions above
and assuming an initial mixture temperature near Thﬂ the mixture density ranged
from 4.2 to 17.9 kg/m’, for NH; and Cl, respectively.

Exit velocities for the two-phase jet releases were also calculated using
the methods outlined by Fauske and Epstein (1987) and the mass discharge rates
obtained through Equation (1l). Using the principle of conservation of momentum
flux, the jet velocity at the end of the zone of depressurization was given by:

, P(T,) - », (eq. 4)
P U,

u. = two-phase jet velocity (m/s),

u, = initial 1liquid discharge velocity (m/s) determined from the mass
discharge rate and the area of the release,

P(T°)= tank pressure (Pa), and

P_. = atmospheric pressure (Pa).

Initial tank pressures were assumed to be determined by the saturation vapor
pressure of NH; and Cl, at 292 °K.

2.3 Post-Processing

This section describes the manner in which the SLAB model output files were
post-processed to produce the tabular and graphical presentations used in the
consequence analysis. For each meteorological condition, release scenario, NH;
and Cl, level of concern, and averaging time of concern a hazard footprint was
determined. In the context of the present discussion the hazard footprint refers
to the spatial extent where NH; or Cl, concentrations exceed a given health
criteria. In addition to providing an indication of the shape and extent of the
zone of wvulnerability for a given release, these plots could also overlaid on
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demographical data to determine the degree of exposure and number of people

potentially affected.

The SLAB model does not employ a fixed receptor grid, but provides plume
or puff parameters and concentrations at downwind distances which are dependent
on the numerical technique used to solve the model equations. Concentrations
along a fixed receptor grid downwind and the downwind extent of the hazard
footprints were determined through logarithmic interpolation of the model output
files. This procedure assumes that the concentration follows a power law with
downwind distance which was found to be a good approximation over short distance

intervals based on plots of the model output data.

Crosswind concentrations were determined analytically using the model’s
crosswind profile function and the shape parameters which were included in the

output file. Given the plume centerline concentration (c the crosswind

rnax) '
concentration was derived from:

er JQLE) - er 21:2)
= ¢ V2 B VZ P

max (eq. 5)
2erf( b )
v2 B

where:
c(y)= concentration (ppm) at crosswind distance y (m),

erf= error function, and

b,R= half-width parameters (m). The half width parameters are such that
the crosswind profile is uniform when R = 0, and approaches a

Gaussian shape when R >> b.

Crosswind hazard footprints were determined implicitly from Equation (5) by
solving for the crosswind distance (y) that corresponds to a given level of
concern. This calculation was performed at each downwind distance until a

maximum crosswind width of a specified level was determined.

2.4 Selection of Meteorological Scenarios
The SLAB model was applied for a variety of meteorological conditions
typical of the SCAB. For the purposes of dispersion modeling the hypothetical

meteorological scenarios considered are indicated in the following table.
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Meteorological Scenarios Considered

Wind Ambient WRelative Pasquill

Speed Temp. Humid. Stab.
(n/s) (K) (%) Class
1.5 297 53 B
1.5 297 53 C
3.0 297 53 c
6.0 297 53 C
1.5 292 63 D
3.0 292 63 D
6.0 292 63 D
1.5 286 74 E
3.0 286 74 E

The range of wind velocities and atmospheric stratifications considered are
within those recommended by the U. S. EPA for screening purposes in urban areas
(EPA, 1988). Actual stability class, wind speed combinations were selected from
joint frequency distributions prepared for downtown Los Angeles based on joint
occurrences over 5 percent. Temperature and relative humidities used in the two-
phase modeling were based on climatological averages from downtown Los Angeles
(NOAA, 1981). Finally as suggested by Petersen (1989), a surface roughness of
0.5 m was used in the SLAB simulations as appropriate for large industrial
complexes.

3.0 Levels of Concern

In order to determine potential zones of vulnerability, it was necessary
to establish health criteria or levels of concern for both Cl, and NH;. The
chemical-specific health criteria used in the consequence analysis were based on
the Emergency Response Planning Guidelines (ERPGs) developed by a committee of
the American Industrial Hygiene Association (AIHA). A technique was also applied
to adjust these health criteria to variable exposure periods to provide a more
robust dose-response relationship.

As specified by the AIHA, ERPGs are based on three concentration levels:



ERPG 1 - Maximum airborne concentration below which it is believed that
nearly all individuals could be exposed up to one hour without
experiencing more than mild transient adverse health effects or
without perceiving a clearly defined objectionable odor;

ERPG 2 - The maximum airborne concentration below which it is believed that
nearly all individuals could be exposed for up to one hour without
experiencing or developing irreversible or other serious health
effects or symptoms which could impair an individual’s ability to

take protective action; and

ERPG 3 - The maximum airborne concentration below which it is believed that
nearly all individuals could be exposed for up to one hour without
experiencing or developing life-threatening health effects.

Above ERPG 2, symptoms which might be expected to impair an individual’'s ability
to take protective action would include effects such as severe eye irritation,
respiratory irritation or pronounced muscular weakness. For the purposes of the
present analysis it was determined that the more useful levels were ERPG 2 and
ERPG 3.

The ERPG levels are generally considered to be applicable for 30 to 60
minute exposure periods. The dispersion modeling analysis involved the
simulation of transient and instantaneous discharges which would result in
shorter exposures for receptors sufficiently close to the point of release. When
downwind concentrations from such short-term events are averaged over 30 minutes
to l-hour to compare with the ERPGs, the zone of vulnerability may be
understated. In order to derive levels of concern based on the ERPG levels,
short-term health criteria were determined using the procedures for evaluating
dose-response at variable durations of exposure, as developed by Withers and Lees
(1985).

Following Withers and Lees, for both NH; and Cl, an equivalent toxic load
can be described for different periods of exposure by the following relationship:

I = CigT (eq.‘6)

where:
L = the toxic load (ppmz-min),

avg = the time averaged concentration (ppm), and
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T = the exposure period (min).

It was assumed that levels of vulnerability for different averaging periods can
be obtained based on equivalent toxic loads. For ERPG levels based on a 30
minute exposure period, equivalent health criteria for 5 minutes were as follows:

Exposure NH; (ppm) Cl,(ppm)
Period ERPG-2 ERPG-3 ERPG-2  ERPG-3
30-60 min 200 1000 3 20

5 min 490 2500 7.5 50

Vulnerability zones for the continuous release line rupture scenario were
assessed using the unmodified ERPG levels. For the instantaneous tank failure
and 5 minute line rupture cases, levels of concern were based on the equivalent
5 minute criteria. Test cases using shorter averaging periods did not produce
significantly different results for the majority of the receptors affected.

4.0 Results

The dispersion modeling methodologies described in the previous sections
were applied to simulate hypothetical releases of Cl, and NH;, and to determine
the spatial extent where health criteria for these acutely hazardous materials
would be exceeded. Postulated complete failures of storage vessels were
simulated over a range of capacities from 1 T to 90 T, for Cl,, and from 1 T to
200 T, for NH;. Ruptures or complete breaks in liquid supply or loading lines
were simulated for diameters of 0.5 to 3 inches and 0.5 to 6 inches for Cl, and
NH;, respectively. For the line rupture cases, both continuous and 5 minute
finite duration discharges were modeled. Levels of concern were based the AIHA's
ERPG 2 & 3 values for 30 minutes to l-hour exposures and adjusted to examine
acute effects for 5 minute exposures. Criteria based on 5 minutes were used to
address the more transient effects of exposure to the instantaneous and finite
duration releases.

The calculated discharge rates for the line rupture case are displayed in
Figure 4-1 as function of orifice or pipe diameter. For an equivalent diameter,
the mass emission rates of Cl, were predicted to be slightly higher than NH;.
Emission rates increased at a rate somewhat higher than the square of diameter
due to the reduction of frictional losses with large diameters.
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Hazard footprints for the entire range of accidents simulated by the SLAB
- model are presented in Attachment 1. Footprints are delineated by meteorological
scenario, release condition, Cl, or NHj, and levels of concern. For the later,
30 minute averaging times were used for the continuous discharges, and a 5 minute
averaging time was used to address the 5 minute and instantaneous releases.
Note, that in addition to the ERPG 2 & 3 1levels, the estimated zone of
vulnerability corresponding to the IDLH (Immediately Dangerous to Life and
Health) level are also presented in the Attachment.

Figure 4-2 presents a typical hazard footprint for the case of a continuous
discharge of Cl, from a 2 inch line. The outline of the zone of vulnerability
is displayed for both the ERPG-2 and ERPG-3 levels. This contour plot was
constructed using the composite maximum for all meteorological scenarios at each
downwind distance. The shape of this zone was well described by an ellipse with
the maximum width occurring almost midway along the maximum downwind extent. For
this example, the spatial extent of the area exceeding the ERPG-2 level was
approximately 10 times the area above the ERPG-3 criteria.

Figure’'s 4-3 to 4-6 summarize the predicted maximum downwind and crosswind
extent where the Cl, and NH; levels of concern would be exceeded for the liquid
line rupture case as functions of line diameter. The results for both a 5 minute
and continuous release are presented. All results tended tec well explained by
a power as a function of rupture diameter. The vulnerability zones tended to be
much larger for Cl, due to the more acutely toxic properties of this material.
As expected, the hazard footprints of the continuous release encompassed a larger
area than the 5 minute case. For both Cl2 and NHg, the maximum downwind and
crosswind extent of the potential hazards ranged approximately an order of
magnitude across the various pipe diameters used to initialize the model.

- For most of the line rupture cases, the larger vulnerability zones were
predicted under slightly stable (Pasquill stability class E) atmospheric
conditions. The maximum crosswind extent of the hazard footprint invariably were
found for the lower wind speed class (1.5 m/s), but the downwind extent in some
case were predicted to be larger for the 3 m/s meteorological scenario. The
later case was particularly prevalent in the instance of the 5 minute release.

_ Figure 4-7 displays the composite hazard footprint of a potential 50 T NH;
vessel failure. The levels of concern contoured correspond to the ERPG 2 & 3
concentrations for NH;, adjusted to 5 minutes based on the techniques discussed
in Section 3. The shape of the vulnerability zone in this figure is typical of
all the instantaneous releases simulated in the analysis and demonstrates the
effect of buoyancy induced spreading close the source. Such effects were not as
pronounced in the line rupture cases due to the high momentum jet associated with
these SLAB model applications.
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The maximum composite downwind and crosswind extent of the predicted
vulnerability zones for the vessel failure cases are indicated in Figures 4-8 to
4-11 for the 5 minute equivalent ERPG 2 & 3 levels of concern. The area affected
by the simulated instantaneous releases were found to be power law functions of
vessel capacity with the areas predicted above Cl, health criteria many times
larger than the NH; vessel failures. Higher concentration predictions at
receptors further downwind resulted when slightly stable atmospheric
stratifications were simulated. Maximum crosswind widths were found to occur for
the lower wind speed classes, but downwind extent varied depending on the size
of the release. The larger releases extended further downwind under a 3 m/s wind
speed. In some instances under light winds, buoyancy induced spreading and the
resulting entrained air acted to dilute the clouds more than atmospheric

turbulence.
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Ammonia Hazard Footprints

Continuous Release, 1" Line Rupture

1800.(sec) Averaging Time

IDLH(2)
X wid
(m) (m)

ERPG-3(3)

X

wid
(m)

Met Scenario ERPG-2(1)

u temp rh ipas X wid
(m/s) (K) (%) {m) (m)
1.5 297.0 53.0 2 1.921E+02 1.246E+02
1.5 297.0 53.0 3 3.4B6E+02 1.643E+02
3.0 297.0 53.0 3 2.599E+02 9.338E+01
6.0 297.0 53.0 3 1.912E+02 5.044E+01
1.5 292.0 63.0 4  4.195E+02 2,011E+02
3.0 292.0 63.0 4 3.573E+02 1.137€+02
6.0 292.0 63.0 4 2.778E+02 6.335E+01
1.5 286.0 74.0 5 5.083E+02 2.565€+02
3.0 286.0 74.0 5 4.86BE+02 1.473E+02
Composite Maximum 5.083E+02 2.565E+02
(1) Maximum extent that 200 ppm was exceeded.
(2) HMaximum extent that S00 ppm was exceeded.

(3) Maximun extent that 1000 ppm was exceeded.

1.156E+02 9.880E+01
1.872E+02 1.251E+02
1.538€+02 7.424E+01
1.162E+02 4.065E+01
2.097E+02 1.493e+02
1.986E+02 8.745E+01
1.638E+02 4.863E+01
2.354E+02 1.845E+02
2.5556+02 1.098E+02

2.555E+02 1.845E+02

B-28

7.837E+01
1.1156+02
1.019€+02
7.914E+01
1.196E+02
1.238E+02
1.081E+02
1.277€+02
1.516€E+02

1.516E+02

8.031E+01
9.937e+01
6.1736+01
3.557E+01
1.153E+02
7.089€+01
4.064E+01
1.374E+02
8.661E+01

1.374E+02



Ammonia Hazard Footprints
Continuous Release, 2" Line Rupture
1800.(sec) Averaging Time

Met Scenario ERPG-2(¢1) IDLH(2) ERPG-3(3)

u temp rh ipas X wid x wid x wid
(m/s) (K) (%) (m) (m) (m) (m) (m) (m)
1.5 297.0 53.0 2 4.526E+02 2.939E+02 2.752E+02 2.211E+02 1.826E+02 1.736E+02
1.5 297.0 53.0 3 8.047E+02 3.742E+02 4.038E+02 2.758E+02 2.279E+02 2.126E+02
3.0 297.0 53.0 3 6.169E+02 2.227€+02 3.6B5E+02 1.730E+02 2.411E+02 1.412€+02
6.0 297.0 53.0 3 4.296E+02 1.184E+02 2.633E+02 9.516E+01 1.815E+02 B.064E+01
1.5 292.0 63.0 & B.516E+02 &.644E+02 3,900E+02 3.2856+02 2.097E+02 2.421E+02
3.0 292.0 63.0 & B.O45E+02 2.697E+02 &4,381E+02 2.022E+02 2.679E+02 1.602E+02
6.0 292.0 63.0 & 6.265E+02 1.491E+02 3.695E+02 1.138£+02 2.450E+02 9.354E+01
1.5 286.0 74.0 5 9.255E+02 6.000£+02 3.924E+02 4.005E+02 2.043E+02 2.809€+02
3.0 286.0 74.0 5 1.053E+03 3.524E+02 5.325€+02 2.537€+02 3.065E+02 1.936E+02
Composite Maximum 1.053E+03 6.000E+02 5.325E+02 &4.0056+02 3.065E+02 2.809E+02

(1) Maximum extent that 200 ppm was exceeded.

2)

3

Maximum extent that 500 ppm was exceeded.

Maximunm extent that 1000 ppm was exceeded.
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Ammonia Hazard Footprints

Continuous Release, 3" Line Rupture

1800.(sec) Averaging Time

I0LH(2)
X wid
(m) (m)

Met Scenario ERPG-2(1)

u temp rh ipas X wid
(m/s) (K) (%) (m) (m)
1.5 297.0 S3.0 2 7.797E+02 4.756E+02
1.5 297.0 53.0 3 1.139E+03 4.757€+02
3.0 297.0 53.0 3 1.021E+03 3.528E+02
6.0 297.0 53.0 3  6.806E+02 1.627€+02
1.5 292.0 63.0 4  1.285E+03 7.437E+02
3.0 292.0 63.0 4 1.287E+03 4.409E+02
6.0 292.0 63.0 4 1.003E+03 2.434E+02
1.5 286.0 74.0 S  1.359E+03 9.884E+02
3.0 286.0 74.0 S  1.563E+03 4.924E+02
Composite Maximum - 1.563E+03 9.884E+02

(1) Maximum extent that 200 ppm was

(2) Maximum extent that 500 ppm was

(3) Maximum extent that 1000 ppm was exceeded.

exceeded.

exceeded.

4.683E+02 3.491E+02
5.370E+02 3.425E+02
5.838E+02 2.662E+02
4.13BE+02 1.243E+02
5.565E+02 5.124E+02
6.792E+02 3.243E+02
5.834E+02 1.830E+02
5.537e+02 6.377€+02
7.435E+02 3.372E+02

7.435E+02 6.377€+02

B-30
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ERPG-3(3)
X wid
(m) (m)
QLEE+02 2.679E+02
.903E+02 2.630E+02
G64LE+02 2.124E+02
.829E+02 1.034E+02
.910E+02 3.667E+02
.034E+02 2.532E+02
.B25E+02 1.474E+02
.853E+02 4.336E+02
.088E+02 2.493E+02
.088E+02 4.336E+02



Ammonia Hazard Footprints

Continuous Release, 6" Line Rupture

1800.(sec) Averaging Time

IDLH(2)
X wWid
{(m) (m)

ERPG-3(3)

X

wid
(m)

Met Scenario ERPG-2(1)

u temp rh ipas X wid
(ys) (K) (%) (m) (m)
1.5 297.0 53.0 2  1.32BE+03 6.123e+02
1.5 297.0 53.0 3 2.8B4E+03 1.222E+03
3.0 297.0 53.0 3 2.437E+03 7.501E+02
6.0 297.0 53.0 3  1.624E+03 4.350E+02
1.5 292.0 63.0 4 2.830E+03 1.689E+03
3.0 292.0 63.0 & 2.729E+03 9.592E+02
6.0 292.0 63.0 4 2.234E+03 5.460E+02
1.5 286.0 74.0 5 2.6B7E+03 1.896E+03
3.0 286.0 74.0 5 3.023E+03 1.119E+03
Composite Maximum 3.023E+03 1.896E+03
(1) Maximum extent that 200 ppm was exceeded.
(2) Maximum extent that 500 ppm was exceeded.

(3) Maximum extent that 1000 ppm was exceeded.

7.024E+02 4.308E+02
1.235€+03 B.550E+02
1.285E+03 5.472E+02
9.855E+02 3.287E+02
1.126E+03 1.122E+03
1.288E+03 6.755E+02
1.236E+03 3.970E+02
1.010E+03 1.152€+03
1.278E+03 7.193E+02

1.288E+03 1.152E+403
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4.123E+02
6.343E+02
7.543E+02
6.653E+02
5.683E+02
6.991E+02
7.742€+02
4.989E+02
6.524E+02

7.742E+02

3.316E+02
6.161E+02
4.255€e+02
2.629E+02
7.717€+02
5.059E+02
3.083E+02
7.639E402
5.066E+02

7.717e+02



Chlorine Hazard Footprints
Continuous Release, 1/2" Line Rupture

1800.(sec) Averaging Time

ERPG-3(2)
X wid
(m) (m)

IDLH(3)
X wid
(m) (m)

Met Scenario ERPG-2(1)

u temp rh ipas b ¢ wid
(m/s) (K} (%) (m) (m)
1.5 297.0 53.0 2 5.055E+02 1.473E+02
1.5 297.0 53.0 3 9.960E+02 1.943E+02
3.0 297.0 S53.0 3 6.912E+02 1.202E+02
6.0 297.0 53.0 3 4.B27E+02 7.830E+01
1.5 292.0 63.0 4  1,4B4E+03 2.641E+02
3.0 292.0 63.0 4 1.067E+03 1.590€E+02
6.0 292.0 &3.0 4 7.410E+02 1.009E+02
1.5 286.0 74.0 5 2.170E+03 3.563€+02
3.0 286.0 74.0 5 1.666E+03 2.157E+02
Composite Maximum 2.170E+03 3.563E+02

(1) Maximum extent that 3 ppm was exceeded.

(2)

Maximum extent that 20 ppm was exceeded.

(3) Maximum extent that 25 ppm was exceeded.

1.895€+02 6.891E+01
3.581E+02 9.901E+01
2.567E+02 5.502E+01
1.836E+02 3.285€+01
4. T67E+02 1.277€+02
3.823E+02 7.320E+01
2.749E+02 4.225E+01
5.989E+02 1.595E+02
$.600E+02 9.843E+01

5.989E+02 1.595€+02
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.687E+02 6.377E+01
JATIE+02 9.242E+01
.283E+02 5.070E+01
.639E+02 2.982E+01
143E+02 1,.176E+02
.384E+02 6.715E+01
4LOE+02 3._842E+01
.096E+02 1,456E+02
.914E+02 9.001E+01

2V N WS 2 NW -

5.096E+02 1.456E+02



Chlorine Hazard Footprints
Continuous Release, 1" Line Rupture

1800.(sec) Averaging Time

ERPG-3(2)

X

wid
(m)

IDLH(3)

X

wid
(m)

Met Scenario ERPG-2(1)

u temp rh ipas x wid
(m/s) (K) (X) (m) (m)
1.5 297.0 53.0 2 1.119E+03 3.292£+02
1.5 297.0 53.0 3 2.360E+03 4.393E+02
3.0 297.0 53.0 3 1.549E+03 2.656€E+02
6.0 297.0 53.0 3 1.065E+03 1,725€+02
1.5 292.0 63.0 4 3.756E+03 6.090E+02
3.0 292.0 63.0 4 2.461E+03 3.490E+02
6.0 292.0 &3.0 4 1.670E+03 2.216E+02
1.5 286.0 74.0 5 5.893e+03 8.716E+02
3.0 286.0 74.0 S  4.038E+03 4.850E+02
Composite Maximum 5.893E+03 8.716E+02

(1) Maximum extent that 3 ppm was exceeded.

(2) Maximum extent that 20 ppm was exceeded.

(3) Maximum extent that 25 ppm was exceeded.

4 .059e+02
8.459€+02
5.540E+02
3.928€+02
1.226€+03
8.385g+02
5.957€+02
1.723E+03
1.292E+03

1.723E+03
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1.598€+02
2.338E+02
1.243E+02
7.369€+01
3.097E+02
1.618€+02
9.395E+01
4.240E+02
2.224E+02

4.240E+02

3.603e+02
7.512E+02
4.909E+02
3.496E+02
1.075E+03
7.390E+02
5.282E+02
1.491E+03
1.131E+03

1.491E+03

1.483E+02
2.186E+02
1.147E+02
6.723€+01
2.871€+02
1.486E+02
8.562E+01
3.899E+02
2.042E+02

3.899E+02



Chlorine Hazard Footprints

Continuous Release, 2" Line Rupture

1800.(sec) Averaging Time

ERPG-3(2)
X wid
(m) (m)

IDLH(3)

Met Scenario ERPG-2(1)
u temp rh ipas X wid
(m/s) (K) (%) (m) (m)
1.5 297.0 53.0 2 2.662E+03 7.232E+02
1.5 297.0 53.0 3  6.146E+03 1.012E+03
3.0 297.0 53.0 3 3.760E+03 5.787e+02
6.0 297.0 53.0 3 2.477E+03 3.739E+02
1.5 292.0 63.0 4 1.000E+04 1.408E+03
3.0 292.0 63.0 4 6.2T6E+03 7.948E+02
6.0 292.0 63.0 4 4,055E+03 4.921E+02
1.5 286.0 74.0 5 1.500E+04 2.127e+03
3.0 286.0 74.0 5 1.077e+04 1.137e+03
Composite Maximum 1.500E+04 2.127E+03
(1) Maximum extent that 3 ppm was exceeded.
(2) Maximum extent that 20 ppm was exceeded.
(3) Maximum extent that 25 ppm was exceeded.

9.467E+02 3.587E+02
2.122E+03 5.466E+02
1.303E+03 2.761E+02
8.817E+02 1.606E+02
2.910E+03 7.124E+02
1.993e+03 3.802E+02
1.366€+03 2.150E+02
3.712E+03 9.719€+02
3.043E+03 5.279e+02

3.712E+03 9.719e+02
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8.416€+02
1.880E+03
1.155€+03
7.832E+02
2.523E+03
1.750E+03

'1.208E+03

3.144E+03
2.643E+03

3.144E+03

3.341E+02
5.075€+02
2.557e+02
1.463€+02
6.572E+02
3.506E+02
1.965E+02
8.834E+02
4.859E+02

8.834E+02



Chlorine Hazard Footprints

Continuous Release, 3" Line Rupture

1800. (sec) Averaging Time

ERPG-3(2)

Met Scenario ERPG-2(1)

u temp rh ipas X wid
(m/s) (K) (X (m) (m)
1.5 297.0 53.0 2 4.582E+03 1.143E+03
1.5 297.0 53.0 3 1.147E+04 1.656E+03
3.0 297.0 53.0 3  6.603E+03 9.189E+02
6.0 297.0 53.0 3 4.183E+03 5.882E+02
1.5 292.0 63.0 4 1,891E+04 2.370E+03
3.0 292.0 63.0 &  1.1526+04 1.278E+03
6.0 292.0 63.0 4  7.129e+03 7.811E+02
1.5 286.0 74.0 5 2.803E+04 3.766E+03
3.0 286.0 74.0 5  2.045E+04 1.904E+03
Composite Maximum 2.803E+04 3.766E+03

(1) Maximum extent that 3 ppm was exceeded.

2

3

Maximum extent that 20 ppm was exceeded.

Maximum extent that 25 ppm wes exceeded.

1.588E+03
3.734E+03
2.203€+03
1.433E+03
4.B31E+03
3.387e+03
2.260E+03
6.016E+03
5.071E+03

6.016€+03
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5.887E+02
8.714E+02
4 .585E+02
2.574E+02
1.178£+03
6.240E+02
3.489E+02
1.646E+03
8.7256+02

1.646E+03

IDLH(3)
X wid
(m) (m)
1.411E+03 5.499€+02
3.265E+403 8.053E+02
1.950E+03 4.262E+02
1.270E+03 2.360€+02
4.130E+03 1.085E+03
2.960E+03 5.772E+02
1.989E+03 3.183£+02
5.030E+03 1.489€+03
4, 364E+03 7.984E+02
5.030E+03 1.489E+03



Met Scenario

Ammonia Hazard Footprints

5 Minute Release, 1/2" Line Rupture

300.(sec) Averaging Time

ERPG-2(1)
x wid
(m) (m)

- IDLH(R)

ERPG-3(3)

b
(m)

wid
(m)

u temp rh
(m/s) (K) (X
1.5 297.0 53.0
1.5 297.0 53.0
3.0 297.0 53.0
6.0 297.0 53.0
1.5 292.0 63.0
3.0 292.0 63.0
6.0 292.0 63.0
1.5 286.0 74.0
3.0 286.0 74.0

Composite Maximum

[V RV R NV N T V]

7.129E+01 2.003E+01
1.211E+02 2.726E+01
9.187E+01 1.507E+01
6.7B6E+01 1.044E+01
1.640E+02 3.370E+01
1.345E+02 1.566E+01
9.629E+01 1.279E+01
2.107E+02 &.378E+01
1.987€+02 2.079E+01

2.107€+02 4.378E+01

4.396E+01
7.025€+01
5.535€+01
4.183E+01
9.026E+01
8.017e+01 1.366E+01
5.757e+01 9.898E+00
1.114E+02 3,.577E+01
1.139€+02 1.792E+01

1.769E+01
2.35%9E+01
1.277e+01
8.775E+00
2.849€+01

1.139E+02 3.577E+01

2.918E+01
4 .365E+01
3.570E+01
2.770E+01
5.304E+01
5.106E+01
3.685E+01
6.133E+01
6.946E+01

6.946E+01

(1) Maximum extent that 490 ppm (criteria adjusted to 5 minutes) was exceeded.

(2) Maximum extent that 1200 ppm (criteria adjusted to 5 minutes) was exceeded.

(3) Meximum extent that 2500 ppm (criteria adjusted to 5 minutes) was exceeded.
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1.568E+01
2.041E+01
1.139€+01
7.986E+00
2.409E+01
1.233E+01
8.971E+00
2.935E+01
1.592E+01

2.935€e+01



Ammonia Hazard Footprints
S Minute Release, 1" Line Rupture

300.(sec) Averaging Time

1DLH(2)
x wid
(m) (m)

ERPG-3(3)

x

wid
(m)

Met Scenario ERPG-2(1)
u temp rh ipes x wid
(vs) (K) (%) m) (m)
1.5 297.0 53.0 2 1.443E+02 5.195E+01
1.5 297.0 53.0 3 2.449E+02 5.971E+01
3.0 297.0 53.0 3 1.965E+02 3.834E+01
6.0 297.0 53.0 3 1.461E+02 2.333E+01
1.5 292.0 63.0 4 3.034E+02 7.494E+01
3.0 292.0 63.0 4  2.813E+02 4.4T9E+01
6.0 292.0 63.0 & 2.146E+02 2.760E+01
1.5 286.0 74.0 5  3.354E+02 9.150E+01
3.0 286.0 74.0 5 3.932E+02 5.659E+01
Composite Maximum 3.932E+02 9.150E+01

8.676E+01 &,276E+01
1.3926+02 4.793E+01
1.176E+02 3.129E+01
9.013E+01 1.798E+01
1.611E402 5.791E+01
1.628E+02 3.514E+01
1.298E+02 2.062E+01
1.620€+02 6.617E+01
2.156E+02 4.293E+01

2.156€+02 6.617E+01

5.644E+01
8.377e+01
7.580E+01
5.992E+01
8.929€+01
1.009€+02
8.444E+01
8.353e+01
1.267TE+02

1.267E+02

(1) Maximum extent that 490 ppm (criteria edjusted to 5 minutes) was exceeded.

(2) Maximum extent that 1200 ppm (criteria adjusted to 5 minutes) was exceeded.

(3) Maximum extent that 2500 ppm (criteria adjusted to 5 minutes) was exceeded.
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3.587e+01
3.954E+01
2.651E+01
1.598E+01
4.61TE+D1
2.921E+01
1.729E+01
4 .967TE+01
3.445E+01

4.967E+01



Ammonia Kezard Footprints
5 Minute Release, 2" Line Rupture

300.(sec) Averaging Time

IDLH(2)
X wid
(m) (m)

ERPG-3(3)

x

wid
(m)

Met Scenario ERPG-2(1)
u temp rh ipas X wid
(m/s) (K) (X) (m) (m)
1.5 297.0 53.0 2 3.016E+02 1.168E+02
1.5 297.0 53.0 3 4.678E+02 1.481E+02
3.0 297.0 53.0 3 4.273E+02 9.896E+01
6.0 297.0 53.0 3 3.198E+02 5.468E+01
1.5 292.0 63.0 4  5.044E+02 1.850E+02
3.0 292.0 63.0 4 S5.541E+02 1.134E+02
6.0 292.0 63.0 4 4.696E+02 6.320E+01
1.5 286.0 74.0 5 5.120E+02 2.370E+02
3.0 286.0 74.0 5 6.711E+02 1.323E+02
Composite Maximum 6.711E+02 2.370E+02
(@)

1.759E+02 9.004E+01
2.4613E+02 1.096E+02
2.513E+02 7.640E+01
1.966E+02 4.257E+01
2.421E+02 1.316€+02
3.062E+02 8.390E+01
2.811E+02 4.655€+01
2.339E+02 1.574€+02
3.442E+02 9.223E+01

3.442E+02 1.574E+02

1.105€+02
1.294E+02
1.582E+02
1.310E+02
1.244E+02
1.784E+02
1.817€+02
1.170€E+02
1.858E+02

1.858E+02

Maximum extent that 490 ppm (criterie adjusted to 5 minutes) was exceeded.

(2) Maximum extent that 1200 ppm (criteria adjusted to 5 minutes) was exceeded.

3)

Maximum extent that 2500 ppm (criteria adjusted to 5 minutes) was exceeded.
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7.129€+01
8.425E+01
6.138E+01
3.577e+01
9.615€+01
6.520E+01-
3.712E+01
1.087E+02
6.782E+01

1.087€+02



Met Scenario

temp rh

u
(m/s)  (K) (%)

W a2 =

owmwoowmoowmun

IYIBY

0 0 0

NN

000000000
[« SRV, IRV, RNV IRV |

00000000

B8

Composite Maximum

ipas

ViSSP NwWN

Ammonia Hazard Footprints

S Minute Release, 3" Line Rupture

300.(sec) Averaging Time

ERPG-2(1)
X wid
(m) (m)

4.357E+02 1.637E+02
6.494E+02 1.986E+02
6.274E+02 1.290E+02
4.997E+02 7.897E+01
6.801E+02 2.574E+02
7.7982+02 1.616E+02
7.180E+02 1.016E+02
6.979E+02 3.048E+02
9.181E+02 2.080E+02

9.181E+02 3.048£+02

IDLH(2)

2.486E+02
3.190E+02
3.580€+02
3.045€+02
3.143E+02
4.124E+02
4.181€+02
3.122e+02
4.431E+02

4.431E+02

wid
(m)

1.210E+02
1.444E+02
9.487E+01
5.856E+01
1.772e+02
1.144E+02
7.343E+401
1.956€+02
1.393e+02

1.956€+02

N A NN NN -

2.

ERPG-3(3)

X

.486E+02
.665E402
.153E+02
.D06E+02
.586E+02
.289E+02
.62BE+02
.557€+02
.299E+02

628E+02

(1) Maximum extent that 490 ppm (criteria adjusted to 5 minutes) was exceeded.

(2) Maximum extent that 1200 ppm (criteria adjusted to 5 minutes) was exceeded.

(3)

Maximum extent that 2500 ppm (criteria edjusted to 5 minutes) was exceeded.
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wid
(m)

9.383E+01
1.097E+02
7.374E+01
4 .698E+01
1.269E+02
8.623E+01
5.671€+01
1.326E+02
9.881£+01

1.326€+02



Met Scenario

Ammonia Hazard Footprints

5 Minute Release, 6" Line Rupture

300.(sec) Averaging Time

ERPG-2(1)
X wid
(m) (m)

IDLH(2)
X wid
(m) (m)

ERPG-3(3)
X wid
(m) (m)

.
000000 0ODODOO

owvwoowooww

NN

JPPYIII

EESSSSISSS

[P . N VT QR , N P P Y
~N o~ wvun v
« . = s . P
0O0O0OO0OO0O0C0OO0OCO

Composite Maximum

(V. RV R N N T A R N,V

9.381E+02 4.010E+02
1.261E+03 4.963E+02
1.313E+03 3.060E+02
1.041E+03 1.714E+02
1.298E+03 7.577E+02
1.674E+03 4.541E+02
1.417E+03 2.234E+02
1.217E+03 7.090E+02
1.716E+03 4.468E+02

1.716E+03 7.577E+02

4.951E+02 2.837E+02
5.740E+402 3.471E+02
6.854E+02 2.193E+02
6.056E+02 1.237E+02
5.898£+02 5.007€+02
7.997E+02 3.165€+02
7.714E+02 1.556€+02
5.340E+02 4.403E+02
7.367€+02 2.822E+02

7.997E+02 5.007E+02

2.755E+02 2.103E+02
2.915E+02 2.495E+02
3.784E+02 1.655€+02
3.802E+02 9.425E+01
3.070E+02 3.335€+02
4.234€E+02 2.297E+02
4.505E+02 1.151E+02
2.743€E+02 2.848€+02
3.687E+02 1.915E+02

4.505E+02 3.335€+02

(1) Maximum extent that 490 ppm (criteria adjusted to 5 minutes) was exceeded.

(2) Maximum extent that 1200 ppm (criteria adjusted to 5 minutes) was exceeded.

(3) Meximum extent that 2500 ppm (criteris adjusted to 5 minutes) was exceeded.
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Chlorine Hazard Footprints

5 Minute Release, 1/2" Line Rupture

300.(sec) Averaging Time

ERPG-3(2)
X wid
(m) (m)

IDLH(3)

X

wid
(m)

Met Scenario ERPG-2(1)

u temp rh ipas X wid
(vs) (K) (%) (m) (m)
1.5 297.0 53.0 2 3.705E+02 B.324E+01
1.5 297.0 53.0 3 6.98BE+D2 1.167e+02
3.0 297.0 53.0 3 5.162E+02 6.598€+01
6.0 297.0 53.0 3 3.627E+02 4.213E+01
1.5 292.0 63.0 & 9.758E+02 1.563E+02
3.0 292.0 63.0 4 7.526E+02 8.78QE+01
6.0 292.0 63.0 4 5.523€+02 5.417E+01
1.5 286.0 74.0 5 1.209E+03 1.911E+02
3.0 286.0 74.0 5 1.135€+03 1.201E+02
Composite Maximum 1.209€+03 1.911E+02

1.408E+02 &.208E+01
2.520E+02 6.072€+01
1.9136+02 3.162E+01
1.3826+02 1.813E+01
3.243E+02 7.473E+01
2.810E+02 4.189E+01
2.049E+02 2.340E+01
3.729€+02 8.887e+01
3.952e+02 5.571E+01

3.952E+02 8.887E+01

1.279E+02
2.295€E+02
1.737E+02
1,259E+02
2.893E+02
2.540E+02
1.862E+02
3.284E+02
3.593e+02

3.593E+02

(1) Maximum extent that 7.5 ppm (criteria adjusted to 5 minutes) was exceeded.

(2) Maximum extent that 50 ppm (criteria adjusted to 5 minutes) was exceeded.

(3) Maximum extent that 60 ppm (criteria adjusted to 5 minutes) was exceeded.
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3.988E+01
5.757E+01
2.976E+01
1.682E+01
7.004E+01
3.933E+01
2.175E+01
8.236E+01
5.197e+01

8.234E+01



Met Scenario

Chlorime Hazard Footprints
5 Minute Release, 1* Line Rupture

300.(sec) Averaging Time

ERPG-2(1)
x wid
(m) (m)

ERPG-3(2)
x wid
(m) (m)

IDLH(3)
X wid
(m) (m)

u temp rh
(m/s) (K) (X)
1.5 297.0 53.0
1.5 297.0 53.0
3.0 297.0 53.0
6.0 297.0 53.0
1.5 292.0 63.0
3.0 292.0 63.0
6.0 292.0 63.0
1.5 286.0 74.0
3.0 286.0 74.0

Composite Maximum

viwnmas s wNn

8.067E+02 1.901E+02

1.592E+03 2.666E+02 -

1.099E+03 1.475E+02
7.920E+02 9.301E+01
2.170E+03 3.416E+02
1.699E+03 1.979E+02
1.224E+03 1,196E+02
2.754E+03 4.198E+02
2.704E+03 2.770E+02

2.754E+03 4.198E+02

2.972E+02 9.287E+01
5.956E+02 1.393E+02
4.092E+02 7.141E+01
2.935E+02 4.091E+01
7.859€+02 1.817€+02
5.950E+02 9.191E+01
4.409E+02 5.198E+01
9.252E+02 2.292E+02
8.651E+02 1.255E+02

9.252E+402 2.292E+02

2.713E+02 8.786E+01
5.611E+02 1.312E+02
3.704E+02 6.719E+01
2.667E+02 3.802E+01
7.110E+02 1.704E+02
5.406E+02 8.573E+01
3.995E+02 4.827E+01
8.307E+02 2.158E+02
7.763E+02 1.169E+02

8.307E+02 2.158E+02

(1) Meximum extent that 7.5 ppm (criteria adjusted to 5 minutes) was exceeded.

(2) Maximum extent that 50 ppm (criteris adjusted to 5 minutes) was exceeded.

(3) Maximum extent that 60 ppm (criteria adjusted to 5 minutes) was exceeded.
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Chlorine Hazard Footprints
5 Minute Release, 2" Line Rupture

"300.(sec) Averaging Time

ERPG-3(2)

4

wid
(m)

IDLH(3)
X wid
(m) (m)

Met Scenario ERPG-2(1)

u temp rh ipas x wid
(m/s) (K) (X (m) (m)
1.5 297.0 53.0 2 1.B19E+03 4.345E+02
1.5 297.0 53.0 3  3.528E+03 5.800E+02
3.0 297.0 53.0 3 2.625E+03 3.346E+02
6.0 297.0 53.0 3  1.771€+03 2.022E+02
1.5 292.0 63.0 4  4.658E+03 7.104E+02
3.0 292.0 63.0 4  4.262E+03 4.650E+02
6.0 292.0 63.0 4  2.T66E+03 2.696E+02
1.5 286.0 74.0 5 5.582e+03 8.891E+02
3.0 286.0 74.0 5 6.602E+03 6.460E+02
Composite Maximum 6.602E+03 B8.891E+02

6.793€+02
1.367€+03
9.191E+02
6.561E+02
1.608€E+03
1.356E+03
1.002E+03
1.735€+03
2.028E+03

2.0286+03

2.139E+02
3.2186+02
1.598€+02
8.925E+01
3.928E+02
2.208E+02
1.196E+02
4.840E+02
3.023e+02

4.B40E+02

6.172E+02 2.018E+02
1.245€+03 3.025E+02
8.3636+02 1.507E+02
5.959E+02 8.263E+01
1.447E+03 3.705E+02
1.218E+03 2.056E+02
9.066E+02 1.117€+02
1.542E+03 4.554E+02
1.809E+03 2.815E+02

1.809E+03 4.554E+02

(1) Maximum extent that 7.5 ppm (criteria adjusted to 5 minutes) was exceeded.

(2) Maximum extent that 50 ppm (criteria adjusted to 5 minutes) was exceeded.

(3) Maximum extent that 60 ppm (criteria adjusted to 5 minutes) was exceeded.
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Met Scenario

ipas

Chlorine Hazard Footprints

5 Minute Release, 3* Line Rupture

300.(sec) Averaging Time

ERPG-2(1)

ERPG-3(2)
X wid
(m) (m)

u temp rh
(m/s) (K) (X)
1.5 297.0 53.0
1.5 297.0 53.0
3.0 297.0 53.0
6.0 297.0 53.0
1.5 292.0 63.0
3.0 292.0 43.0
6.0 292.0 63.0
1.5 286.0 74.0
3.0 286.0 74.0

Composite Maximum

el Nn

2.891E+03
5.644E+03
4.589€+03
2.898€+03
7.149E+03
7.483E+03
4. 737E+03
8.267E+03
1.085E+04

1.085E+04

6.852E+02
8.751E+02
5.503E+02
3.227E+02
1.099E+03
7.570E+02
4.328E+02
1.380E+03
1.043E+03

1.380E+03

1.135€+03 3.607E+02
2.124E+03 4.916E+02
1.542E+03 2.746€+02
1.061E+03 1.445E+02
2.346E+03 6.206E+02
2.311E+03 3.662E+02
1.579E+03 1.952E+02
2.446E+03 7.600E+02
3.286E+03 4.964E+02

3.286E+03 7.600E+02

1DLK(3)
x wid
(m) (m)
1.036E+03 3.418E+02
1.921E+03 4.616E+02
1.397E+03 2.588£+02
9.622E+02 1.338E+02
2.097E+03 5.831E+02
.2.068E+03 3.414E+02
1.432E+03 1.815€+02
2.160E+03 7.125E+02

2.920E+03 4.634E+02

2.920E+03 7.125E+02

(1) Maximm extent that 7.5 ppm (criteria adjusted to 5 minutes) was exceeded.

(2) Meximum extent that 50 ppm (criteria adjusted to 5 minutes) was exceeded.

(3) Maximum extent that 60 ppm (criteria adjusted to 5 minutes) was exceeded.
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Ammonia Hazard Footprints

Catastrophic Failure of 1 T vessel

300.(sec) Averaging Time

IDLH(2)

ERPG-3(3)
X wid
(m) (m)

Met Scenerio ERPG-2(1)

u temp rh ipas x wid
(mv/s) (X) (X) (m) (m)
1.5 297.0 53.0 2 1.6626+02 1.182E+02
1.5 297.0 53.0 3  3.020e+02 1.202E+02
3.0 297.0 53.0 3 2.260E+02 9.488E+01
6.0 297.0 53.0 3 1.683E+02 7.420E+01
1.5 292.0 63.0 4  4.018E402 1.242E+02
3.0 292.0 63.0 4 2.969E+02 1.019E+02
6.0 292.0 63.0 4 2.152E+02 7.850E+01
1.5 286.0 74.0 5 5.46TE+02 1.338£+02
3.0 286.0 74.0 5  4.156E+02 1.103E+02
Composite Maximum 5.467E+02 1.338E+02

1.071E+02
1.829€+02
1.380€+02
1.016£+02
2.278€+02
1.711E+02
1.237€+02
3,0126+02
2.309€+02

3.012e+02

9. 799E+01
9.884E+01
7.4B4E+01
5.886€+01
1.009E+02
7.927e+01
6.240E+01
1.072€+02
8.466E+01

1.072E+02

7.7T04E+01 B.255E+01
1.1826+02 8.402E+01
8.942E+01 6.348€E+01
6.513E+01 4.688E+01
1.406€+02 8.542E+01
1.067E+02 6.725E+01
7.660E+01 5.030E+01
1.806E+02 9.030E+01
1.401E+02 7.166E+01

1.806E+02 9.030E+01

(1) Maximum extent that 490 ppm (criteria adjusted to 5 minutes) was exceeded.

(2) Maximum extent that 1200 ppm {criteria adjusted to 5 minutes) was exceeded.

(3) Maximum extent that 2500 ppm (criteria adjusted to 5 minutes) was exceeded.
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Met Scenario

temp r

Ammonia Hazard Footprints

Catastrophic Feilure of 20 T Vessel

300.(sec) Averaging Time

ERPG-2(1)
X wid
(m) (m)

IDLH(2)
X wid
(m) (m)

ERPG-3(3)
X wid
(m) (m)

286.0 74.

Composite Maximum

000000000

VUERBWWWN

9.189E+02 4.719E+02
1.637E+03 4.784E+02
1.380E+03 4.054E+02
1.011E+03 3.037E+02
2.032E+03 4.944E+02
1.798E+03 4.423E+02
1.298E+03 3.318E+02
2.535€+03 5.350E+02
2.556E+03 5.033E+02

2.556E+03 5.350E+02

6.147E+02 3.975E+02
1.038E+03 4.002E+02
8.770E+02 3.276E+02
6.500E+02 2.395E+02
1.207E+03 4.096E+02
1.073e+03 3.519E+02
7.9056+02 2.568£+02
1.459E+03 4.374E+02
1.457E+03 3.924E+02

1.459E+03 4.374E+02

4.583€+02 3.402E+02
7.050E+02 3.457E+02
5.984E+02 2.718E+02
4.421E+02 1.975E+02
7.855€+02 3.516E+02
7.043E+02 2.892E+02
5.190E+02 2.131E+02
9.245€+02 3.720E+02
9.282E+02 3.174E+02

9.282E+02 3.720E+02

(1) Maximum extent that 490 ppm (criteria adjusted to 5 minutes) was exceeded.

(€3]

Maximum extent that 1200 ppm (criteria adjusted to 5 minutes) was exceeded.

(3) Maximum extent that 2500 ppm (criteria adjusted to 5 minutes) was exceeded.
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Ammonia Hazard Footprints

Catastrophic Failure of 50 T Vessel

300.(sec) Aversging Time

10LH(2)
X wid
(m) (m)

ERPG-3(3)
X wid
(m) (m)

Met Scenario ERPG-2(1)

u temp rh ipas b wid
(m/s) (K) (%) (m) (m)
1.5 297.0 53.0 2 1.493E+03 6.775E+02
1.5 297.0 53.0 3 2.586E+03 6.715E+02
3.0 297.0 53.0 3 2.370E+03 6.041E+02
6.0 297.0 53.0 3 1.789E+03 4.792E+02
1.5 292.0 63.0 &  3.204E+03 7.145€+02
3.0 292.0 63.0 4 3.053E+03 6.2B5E+02
6.0 292.0 63.0 4 2.243E+03 5.022E+02
1.5 286.0 74.0 5 4&.0B0E+03 7.456E+02
3.0 286.0 74.0 5 4.423E+03 7.338E+02
Composite Maximum 4 .423E+03 7.456E+02

9.937E+02 5.747E+02
1.629€+03 5.676E+02
1.5156+03 4.922E+02
1.159€+03 3.755€+02
1.908E+03 6.002E+02
1.807E+03 5.048E+02
1.366E+03 3.839E+02
2.290€+03 6.176€+02
2.48TE+03 5.752E+02

2.487E+03 6.176€E+02

7.402E+02 4.948E+02
1.122E+03 4.941E+02

1.044E+03 4.108E+02 -

8.004E+02 3.1156+02 -
1.255E+03 5.197€+02
1.190E+03 4.165E+02
9.086E+02 3.185E+02
1.455E+03 5.284E+02
1.581E+03 4.673E+02

1.581E+03 5.284E+02

(1) Maximum extent that 490 ppm (criteria adjusted to 5 minutes) was exceeded.

(2) Meximum extent that 1200 ppm (criteria adjusted to 5 minutes) was exceeded.

(3) Maximum extent that 2500 ppm (criteria adjusted to 5 minutes) was exceeded.
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Met Scenario

g
-
x

K)

Ammonia Hazard Footprints
Catastrophic Failure of 100 T
300.(sec) Averaging Time

ERPG-2(1)
X wid
(m) (m)

IDLKR(2)
X wid
(m) (m)

Vessel

ERPG-3(3)

X

wid
(m)

> . .
OO0 000O0CO
o
(V]

o

IVIIILIY
NENNINN

W ONW = 0N W= e
oOvVvoowoownww
BB

Composite Maximum

v prUWWN

2.131E+03 8.826E+02
3.588E+03 8.650e+02
3.536E+03 7.990E+02
2.555E+03 6.036E+02
4.482E+03 9.164E+02
4.657E+03 8.486E+02
3.435E+03 6.926E+02
5.989E+03 9.707E+02
6.701E+03 9.895E+02

6.701E+03 9.895E+02

1.419E+03 7.516E+02
2.269E+03 7.372E+02
2.260E+03 6.548E+02
1.658E+03 4.704E+02
2.651E+03 7.779E+02
2.730E+03 6.867E+02
2.083E+03 5.320E+02
3.183E+03 8.120E+02
3.724E+03 7.814E+02

3.724E+03 8.120E+02

1.056E+03
1.578E+03
1.564E+03
1.151E+03
1.747E+03
1.797E+03
1.392E+03
2.018€+03
2.363E+03

2.363E+03

(1) Maximum extent that 490 ppm (criteria sdjusted to 5 minutes) was exceeded.

2)

Maximum extent that 1200 ppm (criteria adjusted to 5 minutes) was exceeded.

(3) Meximum extent that 2500 ppm (criteria adjusted to 5 minutes) was exceeded.
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6.
8.
5.499E+02
3.886E+02
6.77TTE+Q2
5.
4
6
6

6.

487E+02
452E+02

719E+02

.382E+02
.980E+02
<394E+02

980E+02



Ammonia Hazard Footprints

Catas

trophic Faitlure of 200 T
300.(sec) Averaging Time

IDLK(2)
b 4 wid
(m) (m)

Vessel

ERPG-3(3)

X

wid
(m)

Met Scenario ERPG-2(1)

u temp rh ipas X wid
(m/s) (K) (X) (m) (m)
1.5 297.0 53.0 2 3.036E+03 1.174E+03
1.5 297.0 53.0 3 5.0226+03 1.121E+03
3.0 297.0 53.0 3 5.346E+03 1.067E+03
6.0 297.0 53.0 3  3.972E+03 8.397E+02
1.5 292.0 63.0 4 6.321E+03 1.185£+03
3.0 292.0 63.0 4 7.198E+03 1.180E+03
6.0 292.0 63.0 4 5.2956+03 9.433E+02
1.5 286.0 74.0 S B.248E+03 1.317€+03
3.0 286.0 74.0 S  1.003E+04 1.344E+03
Composite Maximum 1.003E+04 1.344E+03

2.031€+03 1.001E+03
3.157E+03 9.645E+02
3.407E+03 8.813e+02
2.57T1E+03 6.627e+02
3.658E+03 1.016£+03
4.196E+03 9.643E+02
3.175€+03 7.336E+02
4.349E+03 1.112E+03
5.518€+03 1.070E+03

5.518E+03 1.112E+03

1.517e+03
2.207e+03
2.361E+03
1.792E+03
2.413E+03
2.764E+03

"2.120E+03

2.766E+03
3.503e+03

3.503e+03

(1) Maximum extent that 490 ppm (criteria adjusted to 5 minutes) was exceeded.

(2) Maximum extent that 1200 ppm (criteria adjusted to 5 minutes) was exceeded.

(3) Maximum extent that 2500 ppm (criteria adjusted to 5 minutes) was exceeded.
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8.685€E+02
8.490E+02
7.466€+02
5.442E+02
8.914E+02
8.110E+02
5.973E+02
9.611E+02
8.848E+02

9.811E+02



Chlorine Hazard Footprints

Catastrophic Failure of 1 T Vessel

300.(sec) Averaging Time

ERPG-3(2)

Met Scenario ERPG-2(1)
u temp rh ipas x wid
(m/s) (K) (X) (m) (m)
1.5 297.06 53.0 2 7.502E+02 2.110E+02
1.5 297.0 53.0 3  1.522E+03 2.700E+02
3.0 297.0 S53.0 3 1.048E+03 1.929E+02
6.0 297.0 53.0 3  7.011E+02 1.344E+02
1.5 292.0 63.0 4 2.149E+03 3.217e+02
3.0 292.0 63.0 4 1.613E+03 2.502E+02
6.0 292.0 63.0 4 1.079E+03 1.786E+02
1.5 286.0 74.0 5 2.792E+03 3.741E+02
3.0 286.0 74.0 5 2.531E+03 3.046E+02
Composite Maximum 2.792E+03 3.741E+02

2.690E+02
5.719€+02
3.822E+02
2.498E+02
7.758€+02
5.456€+02
3.639E+02
9.801E+02
8.077E+02

9.801E+02

1.131E+02
1.517E+02
1.080€+02
T.469E+01
1.694E+02
1.310E+02
9.429€+01
1.944E+02
1.511E+02

1.944E+02

(1) Maximum extent that 7.5 ppm (criteria adjusted to 5 minutes) was exceeded.

(2) Maximum extent that 50 ppm (criteria adjusted to 5 minutes) was exceeded.

3

Maximum extent that 60 ppm (criteria adjusted to 5 minutes) was exceeded.
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IDLH(3)
X wid
(m) (m)
2.441E+02 1.079E+02
5.221E+02 1.441E+02
3.479E+02 1.026E+02
2.264E+02 7.091E+01
7.029E+02 1.596E+02
4.9156+02 1.237E+02
3.273E+02 8.928E+01
'8.849E+02 1.830E+02
7.264TE+02 1.416E+02
8.849E+02 1.830E+02



Chlorine Kazard Footprints

Catastrophic Failure of 2 T Vessel

300.(sec) Averaging Time

ERPG-3(2)

1DLH(3)

X

wid
{(m)

Met Scenario ERPG-2(1)

u temp rh ipas X wid
(m/s) (K) (%) (m) (m)
1.5 297.0 53.0 2  1.102E+03 2.960E+02
1.5 297.0 53.0 3 2.223E+03 3.766E+02
3.0 297.0 53.0 3 1.568E+03 2.726E+02
6.0 297.0 53.0 3 1.046E+03 2.068E+02
1.5 292.0 63.0 4 3.115E+03 4.553E+02
3.0 292.0 63.0 4  2.453E+03 3.475€+02
6.0 292.0 63.0 4  1.622E+03 2.451E+02
1.5 286.0 74.0 5 3.926E+03 5.109€+02
3.0 286.0 74.0 5 3.888E+03 4.370E+02
Composite Maximum 3.926E+03 5.109E+02

3.983E+02
8.542E+02
5.778E+02
3.8326+02
1.139E+03
8.310E+02
5.498€+02
1.391E+03
1.220€E+03

1.391€+03

1.610E+02
2.149€+02
1.543€+02
1.198€+02
2.478BE+02
1.827E+02
1.292E+02
2.688E+02
2.169E+02

2.688€+02

3.622E+02
7.818E+02
5.272E+02
3.490E+02
1.034E+03
7.501E+02
&.955E+02
1.259€+03
1.096E+03

1.259E+03

(1) Maximum extent that 7.5 ppm (criteria adjusted to 5 minutes) was exceeded.

(2) Maximum extent that 50 ppm (criteria adjusted to 5 minutes) was exceeded.

(3) Maximum extent that 60 ppm (criteria adjusted to 5 minutes) was exceeded.
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1.536E+02
2.039e+02
1.466E+02
1.133e+02
2.339e+02
1.727E+02
1.216E+02
2.530e+02
2.037E+02

2.530e+02



Met Scenario

ipas

Chlorine Hazard Footprints
Catastrophic Failure of 20 T Vessel

ERPG-2(1)
x wid
(m) (m)

300.(sec) Averaging Time

ERPG-3(2)

X

wid
(m)

IDLH(3)

u temp rh
(vs) (X))  (X)
1.5 297.0 53.0
1.5 297.0 53.0
3.0 297.0 53.0
6.0 297.0 53.0
1.5 292.0 6&3.0
3.0 292.0 &3.0
6.0 292.0 &3.0
1.5 286.0 74.0
3.0 286.0 74.0

Composite Maximum

Viwvi s MuUuunn

3.864E+03 8.940E+02
7.660E+03 1.077E+03
6.561€+03 8.527E+02
4.108E+03 5.932E+02
1.003E+04 1.220E+03
1.078E+04 1.074E+03
6.868E+03 7.487E+02
1.204E+04 1.379E+03
1.617E+04 1.384E+03

1.617E+04 1.384E+03

1.496E+03
3.145E+03
2.386E+03
1.488E+03
3.756E+03
3.422E+03
2.202E+03
4.307e+03
4.931E+03

4.931E+03

5.424E+02
6.529E+02
5.006E+02
J3.465E+02
7.075€+02
5.817e+02
4 .022E+02
7.543E+02
7.060E+02

7.543E+02

1.372E+03
2.892E+03
2.184E+03
1.360E+03
3.427e+03
3.088£+03
1.987e+03
3.9156+03
4.425E+03

4 .425E+03

(1) Maximmm extent that 7.5 ppm (criteria adjusted to 5 minutes) was exceeded.

(2) Maximum extent that 50 ppm (criteria adjusted to 5 minutes) was exceeded.

3

Maximum extent that 860 ppm (criteria adjusted to 5 minutes) was exceeded.

B-52

5.256€+02
6.231€+02
4.766E+02
3.302E+02
6.710E+02
5.503€+02
3.808E+02
7.116E+02
6.648E402

7.116E+02



Chlorine Hazard Footprints
Catastrophic Failure of 90 T Vessel

300.(sec) Averaging Time

ERPG-3(2)

X

wid
{m)

IDLH(3)

X

wid
(m)

Met Scenario ERPG-2(1)

u temp rh ipas b wid
(m/s) (K) (%) (m) m
1.5 297.0 53.0 2 B.LTLE+03 1.684E+03
1.5 297.0 53.0 3 1.712E+04 1.947E+03
3.0 297.0 53.0 3  1.812E+04 1.720E+03
6.0 297.0 53.0 3 1.1286+04 1.202€+03
1.5 292.0 63.0 & 2.176E+04 2.211E+03
3.0 292.0 63.0 4 2.882E+04 2.152E+03
6.0 292.0 63.0 4 2,127E+04 1.554E+03
1.5 286.0 74.0 5 2.503E+04 2.601E+03
3.0 286.0 74.0 5 3.808E+04 2.766E+03
Composite Maximum 3.808E+04 2.766E+03

3.394E+03
7.021E+03
6.3156+03
3.823E+03
7.996E+03
8.774E+03
5.751E+03
8.843E+03
1.144E+04

1.144E+04

1.123e+03
1.226€+03
1.029€+03
7.145E+02
1.323€+03
1.199€+03
8.416E+02
1.432E+03
1.458E+03

1.458E+03

3.133E+03
6.465E+03
5.779E+03
3.492E+03
7.310E+03
7.914E+03
5.163E+03
8.057€+03
1.030E+04

1.030E+04

(1) Maximum extent that 7.5 ppm (criterie adjusted to 5 minutes) was exceeded.

(2) Maximum extent that 50 ppm (criteria adjusted to 5 minutes) was exceeded.

(3) Maximum extent that 60 ppm (criteria adjusted to 5 minutes) was exceeded.
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1.086E+03
1.174E+03
9.821E+02
6.821E+02
1.262E+03
1.136€+03
7.972E+02
1.359€e+03
1.371E+03

1.371€+03



Ammonia Hazard Footprints

Continuous Release, 1/2" Line Rupture

1800.(sec) Averaging Time

IDLH(2)

Met Scenario ERPG-2(1)

v temp rh ipas x wid
(m/sy  (K) (X) (m) (m)
1.5 297.0 53.0 2 B.708E+01 4.926E+01
1.5 297.0 53.0 3 1.635E+02 4.432E+01
3.0 297.0 53.0 3 1.156E+02 3.776E+01
6.0 2907.0 53.0 3 8.840E+01 2.142E+01
1.5 292.0 63.0 4 1.868E+02 7.815E+01
3.0 292.0 63.0 4 1.597e+02 4.551E+01
6.0 292.0 63.0 4 1,264E+02 2.639e+01
1.5 286.0 74.0 5 2.921E+02 8.295E+01
3.0 286.0 74.0 5 2.180E+02 5.884E+01
Composite Maximum 2.921E+02 8.295E+01
(1) Maximum extent that 200 ppm was exceeded.
(2) Maximum extent that 500 ppm was exceeded.

(3) Maximum extent that 1000 ppm was exceeded.

5.157e+01
9.496E+01
6.719e+01
5.363E+01
9.451E+01
8.829E+01
7.440€+01
1.481E+02
1.141E+02

1.481E+02
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4.031E+01
3.831E+01
3.062E+01
1.753E+01
5.942E+01
3.537e+01
2.030e+01
6.494E+01
4.454E+01

6.494E+01

[« N NP RV BT RV A ]

[+ ]

ERPG-3(3)
X wid
(m) (m)
.429E+01 3.381E+01
.138E+01 3.377E+01
.363E+01 2.581E+01
.628E+01 1.593€+01
LG436E+01 4.711E+0
.451E+07 2.914E+01
.B875E+01 1.780E+01
.4B6E+01 5.334E+01
.720E+0% 3.578E+01
L4B6E+01 5.334E+01



APPENDIX C

DERIVATION OF X AS A FUNCTION OF a, b, AND d
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Derivation of X as a Function of a, b, and d

X=-ae

Site 1 Site 2

Source i @, ; 6> 0

2 2 2
Case 1:d <squarerootof (a+b ) Case 2: d > square root of (a™+ b2)
dz
r h2
o 8,

General Case

C-2



Given: a and b are the semiaxes of the ellipse, ¢ is the distance
from the center of the ellipse to the focus, e is the eccentricity of
the ellipse, and x = ta/e are the equations of the directrices. And

az - c? = p* e = c/a
(a® - b?)t

And k is defined as follows: k =
a

Assume: d is the distance from the endpoint of the major axis (the
source) to some point on the edge of the ellipse (the site), and r is
the distance from the focus to that same point.

Case 1 Case 2
From the definition of From the definition of
a right triangle: a right triangle:
1) the triangle with angle 81: 1) the triangWe'with angle 6z:
(c = x1)% + 2% = n? (c + x2)% + h2? = r2?
2) the triangle with angle ¢1: 2) the triangle with angle ¢z :
[(a=-c)+(c-%x1)]%2 + h1? = di? [(a-c)+(c+x2)]® + hz?® = d2°
(a - x1)% + h12 = ds? (a + x2)2 + hz? = dz2°
Solving both equations for hi®: Solving both equations for hz?:
h12 = (c - x1)%2 - rq2 hz2 = (c + x2)2 - rz?
= (a -x1)® - di? = (a + x2)* - d2*
ri2 = (c - x1)? - (a - x1)* + dr? re? = (c + x2)% - (a + x2)* + dz°

--> X may be measured from the center of the ellipse:
X will be negative to the left of the center, positive to the right
x1 will be negative, xz will be positive

--> we can use the following equation for any ellipse, and any site:

(1) r: = (c + x) - (a + x)? + g?

However, we know from the definition of an ellipse:

ke
r = where 6 is the angle formed by a line
1 -ecosb connecting the focus and the point on the
edege of the ellipse, and the major axis
[cos 8 = (¢ + x)/r]l]. k and e are as

defined above.
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Substituting, we get,
Ke
r =
1 - e(c+x)/r
r(t - e(c+x)/r) = ke
r - e(c+x) = ke
and,
r = ke + e(c+x) = e(k + ¢ + x)

squaring both sides,

r2 e? (k + c + x)2

e? (k2 + 2ck + 2cx + 2kx + c?

x[e?(2c + 2k + x)] + e? (k2

x[2(c - a) - e2(2c + 2k + x)]

but c¢* = a? - b%; e? = (c/a)? =
b2 (a® - b?)?
k = a/e - ¢ =
a2 - b2

Substituting yields:

(a?-b?)
xE[(az—bz)é -al] - —

a2

(c + x)2

and using eguation

+ X2

+ 2ck + c?)

eZ

(a®

2

1, we get
(a + x)* + g2
) = c? + 2cx - a* - 2ax + d*
= x(2c - 2a) + (c®* - a
(k¥ + 2ck + ¢c* ) - c* + a*
- b2)/a%?; and

|E(a2—b2 )t + 2b%

(a®-b% )2

a?-b2 b4 (a%*-b?) 2(a®~b?* )2 (b%*(a2-b2)?)
+ + a®-b?
az (aZ_bZ )2 (aZ_bZ)

Simplifying yields:

x?(a? - b%?)/a? + x(2a) + (a®> + b? - d*) = 0
Solving by the quadratic equation, we get:

_a3 i a(b4 -— bZdZ + aZdZ )i
X =
aZ - b2

C-4

—=— -
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d2

_(aZ_bZ )+a2_d2
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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

Publications and the National Technical Information Service (NTIS).

Requests for reports should be directed to NCEER

Publications, 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,
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NCEER-87-0001

NCEER-87-0002

NCEER-87-0003
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NCEER-87-0008
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NCEER-87-0013

"First-Year Program in Research, Education and Technology Transfer," 3/5/87, (PB88-134275, A04, MF-
A01).

"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, A04, MF-A01).

"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, A03, MF-A01). 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, A08, MF-AQ1).

"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, A0S, MF-A01).

"Instantaneous Optimal Control Laws for Tall Buildings Under Seismic Excitations,” by J.N. Yang, A.
Akbarpour and P. Ghaemmaghami, 6/10/87, (PB88-134333, A06, MF-AQ1). 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, A09, MF-A01). This report is only
available through NTIS (see address given above).

"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, A03, MF-A0Q1). 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, A03, MF-AO01). This report is only available through NTIS (see address
given above).

"Seismic Probabilistic Risk Assessment and Seismic Margins Studies for Nuclear Power Plants,” by
Howard H.M. Hwang, 6/15/87, (PB88-134267, A03, MF-AQ1). This report is only available through
NTIS (see address given above).

"Parametric Studies of Frequency Response of Secondary Systems Under Ground-Acceleration
Excitations,” by Y. Yong and Y.K. Lin, 6/10/87, (PB88-134309, A03, MF-AO1). This report is only
available through NTIS (see address given above).

“Frequency Response of Secondary Systems Under Seismic Excitation,” by J.A. HoLung, J. Cai and Y K.

Lin, 7/31/87, (PB88-134317, A05, MF-A01). This report is only available through NTIS (see address
given above).
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NCEER-87-0014

NCEER-87-0015

NCEER-87-0016

NCEER-87-0017
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NCEER-87-0019

NCEER-87-0020
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NCEER-87-0022

NCEER-87-0023

NCEER-87-0024

NCEER-87-0025

NCEER-87-0026

NCEER-87-0027

NCEER-87-0028

NCEER-88-0001

"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, A08, MF-A01). This report is only
available through NTIS (see address given above).

"Detection and Assessment of Seismic Structural Damage,"” by E. DiPasquale and A.S. Cakmak, 8/25/87,
(PB88-163712, AO5, MF-AQ1). This report is only available through NTIS (see address given above).

"Pipeline Experiment at Parkfield, California,” by J. Isenberg and E. Richardson, 9/15/87, (PB88-163720,
A03, MF-AO1). 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, A04, MF-AQ1). 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, A08, MF-A01). This
report is only available through NTIS (see address given above).

"Modal Analysis of Nonclassically Damped Structural Systems Using Canonical Transformation," by J.N.
Yang, S. Sarkani and F.X. Long, 9/27/87, (PB88-187851, A04, MF-A0Q1).

"A Nonstationary Solution in Random Vibration Theory," by J.R. Red-Horse and P.D. Spanos, 11/3/87,
(PB88-163746, A03, MF-AO0l).

"Horizontal Impedances for Radially Inhomogeneous Viscoelastic Soil Layers,” by A.S. Veletsos and
K.W. Dotson, 10/15/87, (PB88-150859, A04, MF-A01).

"Seismic Damage Assessment of Reinforced Concrete Members,” by Y.S. Chung, C. Meyer and M.
Shinozuka, 10/9/87, (PB88-150867, A05, MF-A01). 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, A03, MF-
A01).

"Vertical and Torsional Impedances for Radially Inhomogeneous Viscoelastic Soil Layers,” by K.W.
Dotson and A.S. Veletsos, 12/87, (PB88-187786, A03, MF-A01).

"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, A23, MF-AQ1).

"Report on the Whittier-Narrows, California, Earthquake of October 1, 1987," by J. Pantelic and A.
Reinhorn, 11/87, (PB88-187752, A03, MF-AOQ1). 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, A0S, MF-A01). This report is only available through
NTIS (see address given above).

"Second-Year Program in Research, Education and Technology Transfer," 3/8/88, (PB88-219480, A04,
MF-A01).

"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, A03, MF-A01). This report is only
available through NTIS (see address given above).
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NCEER-88-0016

NCEER-88-0017

NCEER-88-0018

"Optimal Control of Nonlinear Flexible Structures,” by J.N. Yang, F.X. Long and D. Wong, 1/22/88,
(PB88-213772, A06, MF-A01).

"Substructuring Techniques in the Time Domain for Primary-Secondary Structural Systems," by G.D.
Manolis and G. Juhn, 2/10/88, (PB88-213780, A04, MF-A01).

"Iterative Seismic Analysis of Primary-Secondary Systems,” by A. Singhal, L.D. Lutes and P.D. Spanos,
2/23/88, (PB88-213798, A04, MF-A01).

"Stochastic Finite Element Expansion for Random Media," by P.D. Spanos and R. Ghanem, 3/14/88,
(PB88-213806, A03, MF-AQ1).

"Combining Structural Optimization and Structural Control,” by F.Y. Cheng and C.P. Pantelides, 1/10/88,
(PB88-213814, A0S, MF-A01). ’

"Seismic Performance Assessment of Code-Designed Structures,” by H.H-M. Hwang, J-W. Jaw and H-J.
Shau, 3/20/88, (PB88-219423, A04, MF-A01). This report is only available through NTIS (see address
given above).

"Reliability Analysis of Code-Designed Structures Under Natural Hazards," by H.H-M. Hwang, H. Ushiba
and M. Shinozuka, 2/29/88, (PB88-229471, AQ7, MF-A01). This report is only available through NTIS
(see address given above).

"Seismic Fragility Analysis of Shear Wall Structures,” by J-W Jaw and H.H-M. Hwang, 4/30/88, (PB89-
102867, A04, MF-AOQ1).

"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 1.G. Tadjbakhsh, 5/18/88, (PB89-122238,
A06, MF-A01). This report is only available through NTIS (see address given above).

"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, A03, MF-AO1).

"A New Solution Technique for Randomly Excited Hysteretic Structures,” by G.Q. Cai and Y.K. Lin,
5/16/88, (PB89-102883, A03, MF-AQl).

"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, AO6, ME-A01).

"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, A04, MF-A01).

"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, A04, MF-AOQ1). This report is only
available through NTIS (see address given above).

"Dynamic Compliance of Vertically Loaded Strip Foundations in Multilayered Viscoelastic Soils,"” by §.
Ahmad and A.S.M. Israil, 6/17/88, (PB89-102891, AO4, MF-AOI1).

"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, A05, MF-A01). This report is available
only through NTIS (see address given above).
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NCEER-88-0034

NCEER-88-0035

"Experimental Investigation of Primary - Secondary System Interaction,” by G.D. Manolis, G. Juhn and
A .M. Reinhorn, 5/27/88, (PB89-122204, A04, MF-AQ1).

"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, A04, MF-AO01).

"Seismic Interaction of Structures and Soils: Stochastic Approach," by A.S. Veletsos and A.M. Prasad,
7/21/88, (PB89-122196, A04, MF-AQ1). This report is only available through NTIS (see address given
above).

"Identification of the Serviceability Limit State and Detection of Seismic Structural Damage,” by E.
DiPasquale and A.S. Cakmak, 6/15/88, (PB89-122188, A05, MF-AO01). 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, A05, MF-AQ1).

"Automated Seismic Design of Reinforced Concrete Buildings,” by Y.S. Chung, C. Meyer and M.
Shinozuka, 7/5/88, (PB89-122170, A06, MF-A01). This report is available only through NTIS (see
address given above).

"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, A04, MF-A01).

"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, A04, MF-AO1).

"Systems Study of Urban Response and Reconstruction Due to Catastrophic Earthquakes,” by F. Kozin and
H.K. Zhou, 9/22/88, (PB90-162348, A04, MF-A0l).

"Seismic Fragility Analysis of Plane Frame Structures,” by H.H-M. Hwang and Y.K. Low, 7/31/88,
(PB89-131445, A06, MF-AO01).

"Response Analysis of Stochastic Structures,” by A. Kardara, C. Bucher and M. Shinozuka, 9/22/88,
(PB89-174429, A04, MF-A01).

"Nonnormal Accelerations Due to Yielding in a Primary Structure,” by D.C.K. Chen and L.D. Lutes,
9/19/88, (PB89-131437, A04, MF-A01).

"Design Approaches for Soil-Structure Interaction," by A.S. Veletsos, A.M. Prasad and Y. Tang,
12/30/88, (PB89-174437, A03, MF-A01). 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, A0S, MF-A0Q1).

"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, A08, MF-A0l).

"Seismic Response of Pile Foundations,” by S.M. Mamoon, P.K. Banerjee and S. Ahmad, 11/1/88,
(PB89-145239, A04, MF-AQ1).

"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, A07, MF-A01).
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NCEER-89-0004

NCEER-89-0005

"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, A04, MF-A01).

"Optimal Placement of Actuators for Structural Control," by F.Y. Cheng and C.P. Pantelides, 8/15/88,
(PB89-162846, A05, MF-A01). ‘

“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, A10, MF-A0Q1). 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, A04, MF-A01).

"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, A05, MF-A01).

"Modeling Strong Ground Motion from Multiple Event Earthquakes,” by G.W. Ellis and A.S. Cakmak,
10/15/88, (PB89-174445, A03, MF-A01).

"Nonstationary Models of Seismic Ground Acceleration,” by M. Grigoriu, S.E. Ruiz and E. Rosenblueth,
7/15/88, (PB89-189617, A04, MF-AOI1).

"SARCF User's Guide: Seismic Analysis of Reinforced Concrete Frames,” by Y.S. Chung, C. Meyer and
M. Shinozuka, 11/9/88, (PB89-174452, A08, MF-AO01).

"First Expert Panel Meeting on Disaster Research and Planning," edited by J. Pantelic and J. Stoyle,
9/15/88, (PB89-174460, A05, MF-AQ1). This report is only available through NTIS (see address given
above).

"Preliminary Studies of the Effect of Degrading Infill Walls on the Nonlinear Seismic Response of Steel
Frames," by C.Z. Chrysostomou, P. Gergely and J.F. Abel, 12/19/88, (PB89-208383, A05, MF-A0Q1).

"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,
A04, MF-AO01).

"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, A04, MF-A01).

"Statistical Evaluation of Response Modification Factors for Reinforced Concrete Structures,” by H.H-M.
Hwang and J-W. Jaw, 2/17/89, (PB89-207187, A0S, MF-A01).

"Hysteretic Columns Under Random Excitation,” by G-Q. Cai and Y.K. Lin, 1/9/89, (PB89-196513, AQ3,
ME-A01).

"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, A03, MF-A01).

"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, A04, MF-A0Q1). This report is available only
through NTIS (see address given above).
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"A Knowledge-Based Approach to Structural Design of Earthquake-Resistant Buildings,” by M.
Subramani, P. Gergely, C.H. Conley, J.F. Abel and A.H. Zaghw, 1/15/89, (PB89-218465, A06, MF-
AOl).

"Liquefaction Hazards and Their Effects on Buried Pipelines,” by T.D. O'Rourke and P.A. Lane, 2/1/89,
(PB89-218481, A09, MF-AO01).

"Fundamentals of System Identification in Structural Dynamics,” by H. Imai, C-B. Yun, O. Maruyama and
M. Shinozuka, 1/26/89, (PB89-207211, A04, MF-A01).

"Effects of the 1985 Michoacan Earthquake on Water Systems and ther Buried Lifelines in Mexico," by
A.G. Ayala and M.J. O'Rourke, 3/8/89, (PB89-207229, A06, MF-A0Q1).

"NCEER Bibliography of Earthquake Education Materials,” by K.E.K. Ross, Second Revision, 9/1/89,
(PB90-125352, A0S, MF-AO01). This report is replaced by NCEER-92-0018.

"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, AQ7, MF-A01).

"Recommended Modifications to ATC-14," by C.D. Poland and J.O. Maliey, 4/12/89, (PB90-108648,
Al5, MF-A01).

"Repair and Strengthening of Beam-to-Column Connections Subjected to Earthquake Loading," by M.
Corazao and A.J. Durrani, 2/28/89, (PB90-109885, A06, MF-A01).

"Program EXKAL2 for Identification of Structural Dynamic Systems,” by O. Maruyama, C-B. Yun, M.
Hoshiya and M. Shinozuka, 5/19/89, (PB90-109877, A09, MF-AQI).

"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, A03, MF-A01).

"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, A03, MF-A01).

"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, A012, MF-A02). 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, A04, MF-AOQ1).

"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, A06, MF-AQ1). This report
has been replaced by NCEER-93-0011.

"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, A04, MF-A0Q1).

"Subsurface Conditions of Memphis and Shelby County," by K.W. Ng, T-S. Chang and H-H.M. Hwang,
7/26/89, (PB90-120437, A03, MF-AQ1).

"Seismic Wave Propagation Effects on Straight Jointed Buried Pipelines," by K. Elhmadi and M.J.
O'Rourke, 8/24/89, (PB90-162322, A10, MF-A02).

D-6



NCEER-89-0023

NCEER-89-0024

NCEER-89-0025

NCEER-89-0026

NCEER-89-0027

NCEER-89-0028

NCEER-89-0029

NCEER-89-0030

NCEER-89-0031

NCEER-89-0032

NCEER-89-0033

NCEER-89-0034

NCEER-89-0035

NCEER-89-0036

NCEER-89-0037

NCEER-89-0038

NCEER-89-0039
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"Workshop on Serviceability Analysis of Water Delivery Systems," edited by M. Grigoriu, 3/6/89, (PB90-
127424, A03, MF-AO1).

"Shaking Table Study of a 1/5 Scale Steel Frame Composed of Tapered Members," by K.C. Chang, I.S.
Hwang and G.C. Lee, 9/18/89, (PB90-160169, A04, MF-A01).

"DYNAID: A Computer Program for Nonlinear Seismic Site Response Analysis - Technical
Documentation,” by Jean H. Prevost, 9/14/89, (PB90-161944, A07, MF-A01). 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, A10, ME-A02).

“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, A07, MF-A01).

"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, A05, MF-A01).

“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, A04, MF-A0Q1).

"Seismic Behavior and Response Sensitivity of Secondary Structural Systems," by Y.Q. Chen and T.T.
Soong, 10/23/89, (PB90-164658, A08, MF-A01).

"Random Vibration and Reliability Analysis of Primary-Secondary Structural Systems,” by Y. Ibrahim, M.
Grigoriu and T.T. Soong, 11/10/89, (PB90-161951, A04, MF-AQ1).

"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, A22, MF-A03).

"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, (PB91-108803, A06, MF-AO01).

"On the Relation Between Local and Global Damage Indices," by E. DiPasquale and A.S. Cakmak,
8/15/89, (PB90-173865, A0S, MF-A0Q1).

"Cyclic Undrained Behavior of Nonplastic and Low Plasticity Silts," by A.J. Walker and H.E. Stewart,
7/26/89, (PB90-183518, A10, MF-A01).

"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, A04, MF-A01).

"A Deterministic Assessment of Effects of Ground Motion Incoherence,” by A.S. Veletsos and Y. Tang,
7/15/89, (PB90-164294, A03, MF-AO01).

“Workshop on Ground Motion Parameters for Seismic Hazard Mapping,” July 17-18, 1989, edited by R.V.
Whitman, 12/1/89, (PB90-173923, A04, MF-AO1).

"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, A06, MF-A01).

"Centrifugal Modeling of Dynamic Soil-Structure Interaction,” by K. Weissman, Supervised by J.H.
Prevost, 5/10/89, (PB90-207879, A07, MF-A01).
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"Linearized Identification of Buildings With Cores for Seismic Vulnerability Assessment," by I-K. Ho and
A.E. Akuan, 11/1/89, (PB90-251943, A07, MF-A01).

"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, A05, MF-A01).

"Nonnormal Secondary Response Due to Yielding in a Primary Structure,” by D.C.K. Chen and L.D.
Lutes, 2/28/90, (PB90-251976, A07, MF-A0Q1).

"Earthquake Education Materials for Grades K-12,” by K.E.K. Ross, 4/16/90, (PB91-251984, A05, MF-
AQS). This report has been replaced by NCEER-92-0018.

"Catalog of Strong Motion Stations in Eastern North America,” by R.W. Busby, 4/3/90, (PB90-251984,
AQ5, MF-A01).

"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, A04, MF-AO01).

"Seismic Hazard Along a Crude Qil 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, A04, MF-A01).

"Site-Specific Response Spectra for Memphis Sheahan Pumping Station,” by H.H.M. Hwang and C.S.
Lee, 5/15/90, (PB91-108811, A05, MF-AOQ1).

"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, A06, MF-
AO01).

"A Program to Generate Site Dependent Time Histories: EQGEN," by G.W. Ellis, M. Srinivasan and A.S.
Cakmak, 1/30/90, (PB91-108829, A04, MF-AO01).

"Active Isolation for Seismic Protection of Operating Rooms,” by M.E. Talbott, Supervised by M.
Shinozuka, 6/8/9, (PB91-110205, A0S, MF-AO01).

"Program LINEARID for Identification of Linear Structural Dynamic Systems," by C-B. Yun and M.
Shinozuka, 6/25/90, (PB91-110312, A08, MF-AOQ1).

"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, A13, MF-A02).

"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, A08, MF-AO1).

“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, All, MF-A02).

"Two Hybrid Control Systems for Building Structures Under Strong Earthquakes,” by J.N. Yang and A.
Danielians, 6/29/90, (PB91-125393, A04, MF-AOl).

"Instantaneous Optimal Control with Acceleration and Velocity Feedback,” by J.N. Yang and Z. Li,
6/29/90, (PB91-125401, A03, MF-AQ1).

"Reconnaissance Report on the Northern Iran Earthquake of June 21, 1990,” by M. Mehrain, 10/4/90,
(PB91-125377, A03, MF-A01).
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NCEER-90-0026
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NCEER-90-0028

NCEER-90-0029

NCEER-91-0001

NCEER-91-0002

NCEER-91-0003

NCEER-91-0004

NCEER-91-0005

"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, A09, MF-A01).

"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, AQ06, MF-
A01). This report is available only through NTIS (see address given above).

"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,
A05, MF-A01).

"Dynamic Interaction Factors for Floating Pile Groups," by G. Gazetas, K. Fan, A. Kaynia and E. Kausel,
9/10/90, (PB91-170381, A05, MF-A01).

"Evaluation of Seismic. Damage Indices for Reinforced Concrete Structures,” by S. Rodriguez-Gomez and
A.S. Cakmak, 9/30/90, PB91-171322, A06, MF-A01).

"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, A03, MF-AQ1).

"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, A03, MF-A01).

"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, A09, MF-A01).

"MUMOID User's Guide - A Program for the Identification of Modal Parameters,"
Gomez and E. DiPasquale, 9/30/90, (PB91-171298, A04, MF-AQ1).

by S. Rodriguez-

"SARCF-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, A05, MF-A01).

"Viscous Dampers: Testing, Modeling and Application in Vibration and Seismic Isolation," by N. Makris
and M.C. Constantinou, 12/20/90 (PB91-190561, A06, MF-A0Q1).

"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, A05, MF-A01).

“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, A%9, MF-A04).

"Physical Space Solutions of Non-Proportionally Damped Systems," by M. Tong, Z. Liang and G.C. Lee;
1/15/91, (PB91-179242, A04, MF-AQ1).

“"Seismic Response of Single Piles and Pile Groups,” by K. Fan and G. Gazetas, 1/10/91, (PB92-174994,
A04, MF-A0Q1).

"Damping of Structures: Part 1 - Theory of Complex Damping,” by Z. Liang and G. Lee, 10/10/91,
(PB92-197235, A12, MF-A03).

"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, A07, MF-A01). This report
has been replaced by NCEER-93-0011.
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NCEER-91-0014
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NCEER-91-0016

NCEER-91-0017

NCEER-91-0018

NCEER-91-0019

NCEER-91-0020

NCEER-91-0021

NCEER-91-0022

NCEER-91-0023

"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, A04, MF-A01).

"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, A08, MF-A01).

"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, A0S, MF-AO0l).

"Earthquake Education Materials for Grades K-12," by K.E.K. Ross, 4/30/91 (PB91-212142, AQ6, MF-
AQ1). This report has been replaced by NCEER-92-0018.

"Phase Wave Velocities and Displacement Phase Differences in a Harmonically Oscillating Pile," by N.
Makris and G. Gazetas, 7/8/91, (PB92-108356, A04, MF-AO1).

"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, A06, MF-AQ2).

"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, A05, MF-A01).

"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, A09, MF-
AQ2).

"Evaluation of SEAOC Design Requirements for Sliding Isolated Structures,
Constantinou, 6/10/91, (PB92-114602, Al11, MF-A03).

“ by D. Theodossiou and M.C.
"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, A07, MF-AQ2).

"Shake Table Test of a 1/6 Scale Two-Story Lightly Reinforced Concrete Building,”
R.N. White and P. Gergely, 2/28/91, (PB92-222447, A06, MF-AQ2).

by A.G. El-Attar,

"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, AOS, MF-AQ02).

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

"Hybrid Control of Seismic-Excited Nonlinear and Inelastic Structural Systems,” by J.N. Yang, Z. Li and
A. Danielians, 8/1/91, (PB92-143171, A06, MF-AQ2).

"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,
A06, MF-A02).

"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,
Al2, MF-A03).

"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, A0%, MF-AQ2).
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NCEER-92-0009

NCEER-92-0010

NCEER-92-0011

NCEER-92-0012

NCEER-92-0013

NCEER-92-0014

NCEER-92-0015

"Experimental Verification of a Number of Structural System Identification Algorithms,” by R.G.
Ghanem, H. Gavin and M. Shinozuka, 9/18/91, (PB92-176577, A18, MF-A04).

"Probabilistic Evaluation of Liquefaction Potential,” by H.-H.M. Hwang and C.S. Lee," 11/25/91, (PB92-
143429, A05, MF-AO01).

"Instantaneous Optimal Control for Linear, Nonlinear and Hysteretic Structures - Stable Controllers,” by
J.N. Yang and Z. Li, 11/15/91, (PB92-163807, A04, MF-AQ1).

"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, A10, MF-A03).

"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, A18, MF-AQ4).

"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, A20, MF-A04).

"Issues in Earthquake Education,” Edited by K. Ross, 2/3/92, (PB92-222389, A07, MF-A02).

"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, MF-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, A04, MF-
AO1).

"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, A13, MF-A03).

"A Procedure for the Seismic Evaluation of Buildings in the Central and Eastern United States,” by C.D.
Poland and J.O. Maliley, 4/2/92, (PB92-222439, A20, MF-A04).

"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, A06, MF-AQ2).

"Seismic Resistance of Slab-Column Connections in Existing Non-Ductile Flat-Plate Buildings," by A.J.
Durrani and Y. Du, 5/18/92, (PB93-116812, A06, MF-A02).

“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, (PB93-116655, A08, MF-AQ2).

"Shape Memory Structural Dampers: Material Properties, Design and Seismic Testing,” by P.R. Witting
and F.A. Cozzarelli, 5/26/92, (PB93-116663, A05, MF-A01).

“Longitudinal Permanent Ground Deformation Effects on Buried Continuous Pipelines,” by M.J.

O'Rourke, and C. Nordberg, 6/15/92, (PB93-116671, A08, MF-AQ2).

"A Simulation Method for Stationary Gaussian Random Functions Based on the Sampling Theorem," by
M. Grigoriu and S. Balopoulou, 6/11/92, (PB93-127496, A05, MF-AQ1).
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NCEER-92-0024

NCEER-92-0025

NCEER-92-0026

NCEER-92-0027

NCEER-92-0028

NCEER-92-0029

NCEER-92-0030

“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-A(2).

"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, A06, MF-A02).

"Fourth Edition of Earthquake Education Materials for Grades K-12," Edited by K.E.K. Ross, 8/10/92,
(PB93-114023, A07, MF-AQ02).

"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, A99, MF-El11).

"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, A0§, MF-
A02).

"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, A06, MF-A02).

"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,
A08, MF-A02). ’

"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-AO0l).

"Experimental Results of Repaired and Retrofitted Beam-Column Joint Tests in Lightly Reinforced
Concrete Frame Buildings,” by A. Beres, 5. 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, A0S, MF-AQ1).

"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).

"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. Reinhomn,
12/1/92, (PB94-104510, 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-A01).

"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).
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NCEER-93-0002

NCEER-93-0003

NCEER-93-0004

NCEER-93-0005

NCEER-93-0006

NCEER-93-0007

NCEER-93-0008
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NCEER-93-0010
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NCEER-93-0012

NCEER-93-0013

NCEER-93-0014

"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, A10, MF-A03).

"Reconnaissance Report on the Cairo, Egypt Earthquake of October 12, 1992," by M. Khater, 12/23/92,
(PB93-188621, A03, MF-AQ1).

"Low-Level Dynamic Characteristics of Four Tall Flat-Plate Buildings in New York City," by H. Gavin,
S. Yuan, J. Grossman, E. Pekelis and K. Jacob, 12/28/92, (PB93-188217, A07, MF-A02).

"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-AQ2).

"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, A06, MF-A02).

"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, A10, MF-AQ3).

"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, MF-AQ2).

"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(2).

“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, A07, MF-A02).

"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, (PB%94-141959, A07, MF-A(2).

"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, MF-A02).

"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, (PB%-
141819, A09, MF-AQ2).

"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.O. Maldonado, 8/4/93, (PB94-141827,
AQ09, MF-AQ2).

"An Energy Approach to Seismic Analysis and Design of Secondary Systems," by G. Chen and T.T.
Soong, 8/6/93, (PB94-142767, All, MF-AQ3).
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NCEER-94-0001
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NCEER-94-0005

NCEER-94-0006

NCEER-94-0007

"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, (PB%4-
154275, Al6, MF-AQ2).

"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-AQ2).

"The Island of Guam Earthquake of August 8, 1993," by S.W. Swan and S.K. Harris, 9/30/93, (PB94-
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, A05, MF-A0l).

"Development of an Earthquake Motion Simulator and its Application in Dynamic Centrifuge Testing," by
I. 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-A02).

"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, AQ7, 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,
(PB94-204013, A07, MF-A02).

"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-AOQ2 and PB94-181757, A12, MF-A03).

"A Markov Model for Local and Global Damage Indices in Seismic Analysis,” by S. Rahman and M.
Grigoriu, 2/18/94, (PB94-206000, A12, MF-A03).

"Proceedings from the NCEER Workshop on Seismic Response of Masonry Infills," edited by D.P.
Abrams, 3/1/94, (PB94-180783, A07, MF-AQ2).

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

"Seismic Energy Based Fatigue Damage Analysis of Bridge Columns: Part I - Evaluation of Seismic
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