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Preface

The Multidisciplinary Center for Earthquake Engineering Research (MCEER) is a national 
center of excellence in advanced technology applications that is dedicated to the reduction of 
earthquake losses nationwide. Headquartered at the University at Buffalo, State University 
of New York, the Center was originally established by the National Science Foundation in 
1986, as the National Center for Earthquake Engineering Research (NCEER).

Comprising a consortium of researchers from numerous disciplines and institutions 
throughout the United States, the Center’s mission is to reduce earthquake losses through 
research and the application of advanced technologies that improve engineering, pre-
earthquake planning and post-earthquake recovery strategies. Toward this end, the Cen-
ter coordinates a nationwide program of multidisciplinary team research, education and 
outreach activities. 

MCEER’s research is conducted under the sponsorship of two major federal agencies: the 
National Science Foundation (NSF) and the Federal Highway Administration (FHWA), 
and the State of New York. Signifi cant support is derived from the Federal Emergency 
Management Agency (FEMA), other state governments, academic institutions, foreign 
governments and private industry.

MCEER’s NSF-sponsored research objectives are twofold: to increase resilience by devel-
oping seismic evaluation and rehabilitation strategies for the post-disaster facilities and 
systems (hospitals, electrical and water lifelines, and bridges and highways) that society 
expects to be operational following an earthquake; and to further enhance resilience by 
developing improved emergency management capabilities to ensure an effective response 
and recovery following the earthquake (see the fi gure below).
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A cross-program activity focuses on the establishment of an effective experimental and 
analytical network to facilitate the exchange of  information between researchers located 
in various institutions across the country. These are complemented by, and integrated 
with, other MCEER activities in education, outreach, technology transfer, and industry 
partnerships.

This report presents the development of a functional Decision Support System for the seismic and 
multi-hazard performance of water supplies. An improved hydraulic network model of the full 2007 
Los Angeles Department of Water and Power (LADWP) water distribution system is presented. 
The improved model includes an enhanced simulation of the time-dependent response, all sources 
of earthquake damage (loss of aqueducts, electric power outage, effects of permanent and transient 
ground deformations on pipelines), and fragility curves to characterize probabilistically the seismic 
damage to facilities such as tanks, reservoirs, regulation stations and pumps. The network model is 
validated through comparison of model results for the effects of the 1994 Northridge earthquake with 
actual areas of lost water service as well as pre- and post-earthquake fl ow measurements documented 
by LADWP. Parametric studies show that the most important factor affecting the post-earthquake 
system performance is the demand, followed by transient ground displacements. System service-
ability is not infl uenced signifi cantly by moderate changes in negative pressure tolerance, moderate 
variations in leakage rates, or changes in the percentages of breaks and leaks that cover the range of 
previous observations. An actual decision support problem faced by LADWP system management 
is used to demonstrate the application of the proposed methodology. The LADWP is modeled with 
and without several key reservoirs, which have been removed from service to meet water quality 
standards, to assess their infl uence on supplying water after an earthquake. It is demonstrated that 
opening the disconnected reservoirs immediately after a severe earthquake improves serviceability, 
with the most substantial impact in areas with the highest population densities.
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ABSTRACT 
 

 

This report investigates water supply performance during earthquakes and extreme events. The 

effects of the World Trade Center (WTC) disaster on the New York City water supply is 

investigated in detail and hydraulic network analyses are performed for fireboat hose and 

pumper truck relays that responded to land-based fires. Previous research by Shi (2006) and 

Wang (2006) is expanded to develop a functional decision support system (DSS) for the 

seismic and multihazard performance of water supplies, using the Los Angeles Department of 

Water and Power (LADWP) system as a test bed. This work also involves a parametric study of 

seismic water supply performance, de-aggregation of results according to sources of earthquake 

damage and geographic subsets of the LADWP system, and application of the methodology to 

an actual decision support problem faced by LADWP management.  

 

Field investigations and analyses for the WTC disaster show that fireboats provided 

approximately 150% of the water initially available in underground pipelines and that the 

principal bottleneck in the conveyance of water from fireboats is hose size. There are 

substantial benefits from deploying 127 mm (5 in.) and 178 mm (7 in.) diameter hoses, and in 

using two pumper trucks per hose relay, as opposed to three.  

 

Improvements in modeling include full representation of the 2007 LADWP system, simulation 

of time-dependent response in a robust and reliable manner, and inclusion of all sources of 

earthquake damage including loss of the Los Angeles Aqueducts (LAAs), electric power 

outage, permanent and transient ground deformation (PGD and TGD) effects in trunk and 

distribution pipelines, and fragility curves to probabilistically represent damage to facilities 

such as tanks, reservoirs, regulation stations, and pumps.  

 

The hydraulic network model is validated through comparison of model results for the effects 

of the 1994 Northridge earthquake with actual areas of lost water service as well as pre-and 

post-earthquake measurements of flow documented by LADWP. Parametric studies for seismic 

water supply performance show that the most important factor affecting post-earthquake system 

performance is demand. Simulations show that TGD effects had substantially greater impact on 



vi 
 

water supply performance than PGD effects. System serviceability is shown to not be 

significantly influenced (less than 5% change in serviceability) by moderate changes in 

negative pressure tolerance, large changes in leakage rates, or variations in the percentages of 

breaks and leaks.  

 

The LADWP system is modeled with and without several key reservoirs, which have been 

removed from service to meet water quality standards, to assess their influence on supplying 

water after an earthquake. These results indicate that post-earthquake system performance can 

degrade significantly with increased demand, and that opening the disconnected reservoirs 

immediately after a serious earthquake improves serviceability, with the most substantial 

improvements experienced by water service areas with the highest population densities.  
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CHAPTER 1 

 

INTRODUCTION 

 

 
1.1 Background 
 

The concept of a “lifeline” system was developed to evaluate the performance 

of large, geographically distributed networks during earthquakes (Duke and Moran, 

1972).  There are six principal lifeline systems: electric power, gas and liquid fuels, 

telecommunications, transportation, waste disposal, and water supply.  Taken 

individually, or in aggregate, these systems are intimately linked with the economic 

well-being, security, and social fabric of the communities they serve (O’Rourke, 

2007).   

 

A water supply is one of the most important lifeline systems. It protects 

virtually all buildings and facilities from fire, underpins basic residential services and 

household functionality, and supports most commercial and industrial operations.  

Concomitantly, water supply damage can physically undermine and disrupt 

neighboring lifeline systems.  Water supply damage, in particular, has been used to 

illustrate the concept of cascading damage, whereby damage and loss of function 

propagate through several lifeline networks. For example, failure of a single water 

main in the Garment District of New York City (NYC) flooded an electric power 

substation, causing serious fires, cutting off electricity in mid-town Manhattan, 

interrupting telecommunication services, shutting down a large part of the subway 

system, and generating millions of dollars of indirect economic losses due to business 

disruption (O’Rourke, 1993).  In such cases, the initial damage propagates through 
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loss of operability in large parts of interdependent systems until there is a pervasive 

loss of critical infrastructure service with serious, regional economic consequences.   

 

It is well known that water supplies are vulnerable to earthquakes.  There has 

been extreme damage to water supplies during previous earthquakes, such as the 1906 

San Francisco (e.g., Schussler, 1906; Manson, 1908; Lawson, 1908; Scawthorn, et al., 

2006), 1971 San Fernando (e.g., Steinbrugge, et al., 1971; Subcommittee on Water 

and Sewerage Systems, 1973; Eguchi, 1982), and 1994 Northridge (e.g., Lund and 

Cooper, 1995; Hall, 1995; Eguchi and Chung, 1995; O’Rourke, et al., 2001) 

earthquakes.  Moreover, there has been extensive research focused on the seismic 

modeling of water supply systems (e.g., Eguchi, et al., 1983; Ballantyne, et al., 1990; 

Khater and Grigoriu, 1989; Markov et al., 1994; Shinozuka, et al., 1981, 1992, 1998; 

Hwang, et al., 1998; Chang, et al., 2000a; Wang, 2006; Shi, 2006; Shi, et al., 2006; 

and Wang and O’Rourke, 2007). 

 

Most recently, research by Shi (2006) and Wang (2006) has resulted in a 

comprehensive modeling process for the seismic performance of water supply 

systems, using the Los Angeles Department of Water and Power (LADWP) system as 

a test bed.  As illustrated in Figure 1.1, the LADWP system contains nearly 12,000 km 

(7,456 mi.) of trunk and distribution pipelines, making it the second largest U.S. water 

distribution network.  It serves about 4 million people, and is highly vulnerable to 

risks that threaten its sustainability.  Los Angeles is experiencing fast growth in a 

relatively arid climate, with high water use per capita.  It depends on imported water 

for 87% of its supplies from areas that are increasingly susceptible to drought, and by 

way of a small number of transmission and aqueduct systems that are vulnerable to 

earthquakes, landslides, and human threats.  As shown in the figure, approximately
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Figure 1.1  LADWP Water Distribution System 
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40% of the LADWP water comes from the California State Aqueduct, 35% from the 

Los Angeles Aqueducts, 13% from the Colorado River Aqueduct, and 12% from 

groundwater wells. 

 

The modeling methodology developed by Shi (2006) and Wang (2006) is 

generic, and the architecture of its computer programs is adaptable to any water supply 

or simulation of extreme event.  The methodology works in conjunction with an easily 

accessible hydraulic network model, EPANET, which is available on-line from the 

U.S. Environmental Protection Agency (EPA, 2008), as well as a special program for 

damaged network flow modeling, known as Graphical Iterative Response Analysis for 

Flow Following Earthquakes (GIRAFFE).  Details on the development and evaluation 

of GIRAFFE are provided by Wang (2006), Shi (2006), Shi, et al., (2006), and Wang 

and O’Rourke (2007).   

 

The model developed for the LADWP water supply simulates all 11,633 km 

(7,228 mi.) of water trunk and distribution pipelines and related facilities (e.g., tanks, 

reservoirs, pressure regulation stations, pump stations, etc.) in the LADWP system.  

The decision support system accounts for the aggregated seismic hazard in Los 

Angeles through an ensemble of 59 scenario earthquakes.  The 59 scenario 

earthquakes also provide a library of seismic scenarios, from which engineers can 

select specific scenarios or combinations of scenarios to assess system performance.  

The decision support system works with risk and reliability assessment tools to 

provide metrics of system performance.  The computer simulations account for the 

interaction of the water and electric power supplies, and model output can be used to 

evaluate the regional economic and community impacts of water losses.  All system 
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input and output can be visualized through GIS with advanced query logic and web-

based features.  The simulations are dynamic in time, and can account for loss of 

service as tanks and local reservoirs lose water over time through leaks and breaks in 

pipelines. 

 

The adaptation of water supply system simulation to replicate the effects of 

extreme events other than earthquakes represents the next step in model development. 

Broadening simulation capabilities to address multiple hazards requires additional data 

from actual case histories.  Such information helps to understand and quantify the 

interdependencies among water supplies and other critical infrastructure systems.  

O’Rourke, et al., (2003, 2005a, 2005b, 2005c) describe the interdependent 

performance of the NYC water supply, fire protection, electric power, 

telecommunications,  natural gas, and steam systems during the World Trade Center 

(WTC) disaster.  The information presented in these publications and the databases 

collected during the associated investigations provide an excellent basis for a more 

comprehensive assessment of water supply performance during extreme events.   

 

A decision support system (DSS) is a computer-based information and 

modeling system that works interactively with users to address unstructured problems 

for strategic planning, management, and operations (Turban, 1995).  The DSS benefits 

from an iterative, or evolutionary, process whereby users provide feedback that 

influences the DSS development (Sprague and Watson, 1989; Keen, 1980).  By 

providing a framework for quantifying the effects of water losses on emergency 

responders, regional businesses, and service area neighborhoods, the DSS is able to 

expand the scope of decision making beyond the engineering and operational 

applications that have been the traditional focus of water supply modeling. 
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Although Shi (2006) and Wang (2006) developed a comprehensive modeling 

process for the seismic performance of water supplies, additional modeling 

refinements are needed for successful integration into a functional DSS.  Refinements 

include improved time-dependent modeling, updates in system characterization, and 

the inclusion of all potential sources of earthquake disruption, including damaged 

tanks and reservoirs.  The final stage of DSS development requires the use of post-

earthquake water supply simulations to make real decisions about unbounded 

management problems. 

 

Recently, researchers have created models that link system reliability and 

serviceability assessments to regional economic impacts (Bruneau, et al., 2003; 

Chang, et al., 1996, 2000a, 2002; Rose and Liao, 2003; Shinozuka, et al., 1998).  For 

example, Chang, et al., (1996, 2000a, 2002) has shown through system simulations 

how water distribution damage is tied to regional economic impact through a 

methodology that correlates water losses with areas of economic activity, adjusts for 

business resiliency, and accounts for direct and indirect economic losses.  Indirect 

economic losses were initially estimated with Input-Output analysis (Rose, et al., 

1997).  More recently, Rose and Liao (2005) have evaluated the regional economic 

consequences of earthquakes, regulatory failures, and terrorist attacks utilizing 

information on water supply disruption in conjunction with a Computable General 

Equilibrium (CGE) model of Los Angeles County. 

 

 Although Shi (2006) and Wang (2006) developed a comprehensive modeling 

process for the seismic performance of water supplies, additional modeling 

refinements are needed for successful integration into a functional DSS.  Refinements 

include improved time-dependent modeling, updates in system characterization, and 
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the inclusion of all potential sources of earthquake disruption, including damaged 

tanks and reservoirs.  The final stage of DSS development requires the use of post-

earthquake water supply simulations to make real decisions about unbounded 

management problems. 

 

1.2 Objectives 

 

The goals of this work are to investigate comprehensively and report on the 

effects of the WTC disaster on the NYC water supply, and to expand on the research 

of Shi (2006) and Wang (2006) to develop a functional DSS for the seismic and 

multihazard performance of water supplies, using the LADWP system as a test bed.   

Research described in this work on the seismic performance of water supplies has 

resulted in the implementation of several important model improvements, as well as 

upgrading the model developed by Shi (2006) and Wang (2006) to represent the 

LADWP system as of 2007.  It also involves a parametric study of seismic water 

supply performance, de-aggregation of system simulation results according to 

individual sources of earthquake damage and geographic subsets of the system, and 

application of the methodology to an actual decision support problem faced by 

LADWP management.  The goals of the report are addressed by focusing on five 

objectives as briefly described under the subheadings that follow. 

 

1.2.1 Water Supply Performance During the WTC Disaster 

 

The performance of the NYC water supply and fire protection systems during 

the WTC disaster was investigated in detail.  The water losses sustained by 

distribution pipelines are described herein and their influence on fire fighting as well 
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as telecommunication and transportation lifelines are evaluated.  Hydraulic network 

analyses are performed to quantify the performance of hose and pumper truck relays 

from fireboats to the WTC site, and the results of the analyses are used to recommend 

tactical improvements in firefighting with marine sources of water.  The performance 

of the fire protection system during the WTC disaster is compared with fire protection 

system performance during the 1989 Loma Prieta earthquake. 

 

1.2.2 Model Improvements and Validation 

 

Models have been developed by Shi (2006) and Wang (2006) for the 2002 

LADWP water system.  Those models are able to represent time dependent changes in 

system performance in only an approximate way. Hence, model improvements are 

required to represent time-dependent system response in a more robust manner.  

Additional improvements are required to update previous models to conditions that 

better reflect the current system and to integrate all sources of earthquake damage into 

modeling and DSS capabilities. Finally, the LADWP hydraulic network model needs 

to be validated by comparison with system performance during an actual earthquake. 

Improvements in the hydraulic network model have been made as part of this work, 

including incorporation of an accurate time-dependent simulation of reservoirs and 

tanks, upgrade to 2007 LADWP system conditions, and integration of stochastic and 

deterministic modeling techniques for all sources of potential earthquake damage. The 

resulting hydraulic network model and DSS are described, and the model is validated 

by comparing system simulation results with detailed observations and measurements 

of LADWP system performance during and after the 1994 Northridge earthquake. 
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1.2.3 Parametric Study of Seismic System Performance 

 

A hydraulic network model is sensitive to various decisions about the time 

increment and size of the model.  Some of the most fundamental questions involve 

minimum time increment for reliable modeling and the number and type of pipelines 

that need to be modeled.   Additional variables affecting system performance include 

the effects of permanent ground deformation (PGD) and transient ground deformation 

(TGD) on post-earthquake operability, as well as the effects of certain modeling 

characteristics, such as minimum negative pressure tolerance, the percentages of 

pipeline breaks and leaks associated with earthquake damage, and the characterization 

of leakage in damage underground pipelines.  This study presents a series of 

parametric studies to explore the sensitivity of system response to these 

aforementioned parameters. 

 

1.2.4 De-Aggregation of System Simulation Results 

 

The hydraulic network model embodied in the DSS for the LADWP water 

supply accounts comprehensively for various sources of earthquake damage and 

disruption.  Earthquake effects can also be de-aggregated such that the water supply 

response is simulated for one source of disruption at a time, or for any combination of 

sources. System simulations are performed in this work for de-aggregated single 

sources of damage associated with the Northridge earthquake, the combined effect of 

multiple damage sources, and all sources of Northridge earthquake damage. By de-

aggregating the damage, the most important sources of disruption with respect to lost 

system service are evaluated and system vulnerabilities are identified. 
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1.2.5 Application of Decision Support System 

 

One of the primary functions of a DSS is to provide solutions for an 

unbounded problem in a way that allows managers to evaluate different potential 

outcomes and select the most appropriate measures to improve system performance.  

This study applies the DSS to an unbounded problem of LADWP water supply 

management involving the removal of three large reservoirs from service because of 

water quality requirements, and assesses the impact of removal on the potential 

response of the water supply to a future earthquake.  Simulation results are presented 

for conditions in which the reservoirs removed from service are 1) disconnected from 

the system, and 2) reconnected on an emergency basis, and their significance with 

respect to storage capacity is discussed. 

 

1.3 Scope 

 

The work is divided into seven chapters, the first of which provides 

background and objectives of the study.  Chapter 2 focuses on the performance of the 

NYC water supply and fire protection system during the WTC disaster, and assesses 

water losses sustained by damaged water distribution pipelines. The impact of water 

system disruption on emergency response and the performance of telecommunications 

and transportation infrastructure are also explained.  Hydraulic network analyses are 

performed to quantify the performance of hose and pumper truck relay systems from 

fireboats to the WTC site, and to provide guidance on the most effective selection of 

hose size, number of hose lines and pumper trucks for future use of fireboats for 

landside fire protection.  The performance of the fire protection system in NYC is 
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compared with fire protection system performance during the 1989 Loma Prieta 

earthquake. 

 

Chapter 3 describes in detail a decision support system (DSS) developed for 

the seismic performance of water supplies, and implemented by LADWP.  This 

chapter also presents the results of the LADWP hydraulic network model calibration 

and validation with respect to the 1994 Northridge earthquake.   

 

Chapter 4 discusses the importance of time and scale in hydraulic network 

modeling, and presents the results of parametric studies to evaluate the sensitivity of 

the system simulation results to key variables.  The parameters investigated include 

the choice of time interval for time-dependent system modeling, nodal demands from 

distribution pipelines, the effects of permanent ground deformation (PGD) and 

transient ground deformation (TGD) on post-earthquake operability, minimum 

negative pressure tolerance, the percentages of pipeline breaks and leaks associated 

with earthquake damage, and the characterization of leakage in damaged underground 

pipelines. 

 

Chapter 5 provides a description of the LADWP system model updated for 

2007 conditions, and presents simulation results for de-aggregated sources of actual 

damage and disruption of service associated with 1994 Northridge earthquake.  The 

de-aggregated scenarios performed include the loss of the Los Angeles Aqueducts 

(LAAs), electric power outage, Northridge earthquake trunk line damage, and 

Northridge earthquake tank damage.  Simulation results for the combined effects of 

these damage sources are also presented, as well as a simulations including all sources 

of damage from the Northridge earthquake. 
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Chapter 6 provides an application of the DSS to an unbounded problem of 

water supply management involving the removal of reservoirs from LADWP service, 

and evaluates the effects of reservoir removal on system performance during a repeat 

Northridge earthquake.  Simulation results are presented for conditions in which the 

reservoirs removed from service are 1) disconnected from the system, and 2) 

reconnected on an emergency basis.  The geographic distribution of system 

performance is assessed, and the implications of the results are discussed with respect 

to emergency planning. 

 

The final chapter summarizes the research findings and presents conclusions 

pertaining to the work.  It also provides recommendations for future research.   
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CHAPTER 2 

 

WATER SUPPLY AND FIRE PROTECTION SYSTEM PERFORMANCE 

DURING THE WORLD TRADE CENTER DISASTER 

 

 

2.1 Introduction 

 

Although much has been written about the structural collapse and building fire 

damage associated with the World Trade Center (WTC) disaster (FEMA, 2002; NIST 

2005) there has been comparatively little written about the effects on other parts of the 

infrastructure.  O’Rourke, et al. (2005a, 2005b, 2005c, 2006), for example, 

summarized the consequences of the WTC disaster on critical infrastructure systems, 

such as electric power, telecommunications, and water distribution.  Zimmerman 

(2003) described the response and recovery of various infrastructure systems after 

September 11, 2001 (9/11), and drew attention to the need for flexibility in both 

physical and social systems as an important aspect of community resilience.   

 

This paper focuses on the performance of the NYC water supply and fire 

protection system during the WTC disaster.  It describes the NYC fire department and 

water supply system, and provides an account of the fire department response to the 

disaster.  The water losses sustained by damaged water distribution pipelines are 

discussed and their impact on emergency response and the performance of 

telecommunications and transportation infrastructure are explained.  The results of 

hydraulic network analysis are presented to quantify the performance of hose and 

pumper truck relay systems from fireboats to the WTC site.  The results of a 
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parametric study of fire fighting relay systems are summarized to provide guidance on 

the most effective selection of hose size, number of hose lines and pumper trucks for 

future use of fireboats for landside fire protection.  The performance of the fire 

protection system in NYC is compared with fire protection system performance during 

the 1989 Loma Prieta earthquake, and recommendations are made for improved 

emergency response from both a tactical and strategic perspective.   

 

2.2 Fire Department of New York 

 

The Fire Department of New York (FDNY) protects more than 8 million 

residents in an area of 830 km2 (320 mi2) (FDNY, 2005). The uniformed force consists 

of more than 11,400 fire officers and firefighters. In addition, the FDNY includes 

2,800 emergency medical technicians, paramedics and supervisors assigned to the 

Bureau of Emergency Medical Service (EMS), as well as 1,200 civilian employees 

(FDNY, 2005). Figure 2.1 depicts the structure of the FDNY Command System, 

which is organized into 9 divisions, each of which is subdivided into battalions.  On 

average, a battalion will have 3 to 4 engine companies and 2 to 4 ladder companies 

(9/11 Commission, 2005).   

 

Engine companies operate what are commonly referred to as fires engines, 

each of which is equipped with a water tank, pump, and hoses.  The standard FDNY 

engine is equipped with a 3,785 lpm (1,000 gpm) pump and a 1,893 liter (500 gal.) 

tank of water (PBS, 2005).  An on-duty engine company usually consists of an officer 

and 4 to 5 firefighters (Smith, 2002).   
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Figure 2.1   Structure of the FDNY Command System (Smith, 2002) 

 

Ladder companies operate larger trucks (sometimes called hook and ladders) 

with equipment that supports rescue operations and forcible entry.  Ladder companies 

are also responsible for the ventilation and overhaul of a fire area to ensure there is no 

heat or fire in the walls.  An on-duty ladder company typically consists of an officer 

and 5 firefighters (Smith, 2002). 

 

The FDNY also has a number of Specialized Operations Command Units that 

have had specific training in specialized tools and techniques for emergency 

situations.  These include rescue companies, squad companies, marine companies, a 

hazardous materials unit, satellite units, a field communication unit, a mobile 

command center, tactical support, and high rise units.    

 

On 9/11, there were 205 engine, 133 ladder, and 3 marine companies on call 

throughout the city.  The marine companies of the FDNY maintain a fleet of 3 
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operational fireboats that can be used to fight open water fires, supplement land-based 

fire fighting, and perform rescue and transport operations.   

 

2.3 New York City Water Supply 

 

The City of New York, through its Department of Environmental Protection 

(NYC DEP), delivers as much as 4.9 billion liters (1.3 billion gal.) of water during the 

summer to roughly 9 million people per day (8 million NYC residents, 1 million 

consumers in 4 upstate counties and nearly 100,000 commuters and tourists) (NYC 

DEP, 2005).  The water system is composed of 19 reservoirs and 3 controlled lakes 

which provide for 2,196 billion liters (580 billion gal.) of total storage capacity.  Water 

flows from 3 main reservoir systems: the Croton, Catskill and Delaware Systems.  

Nearly 97% of water distribution is driven by gravity, with pumping required for the 

remaining 3% (NYC DEP, 2005).   

 

Figure 2.2 shows the water supply system south of the Kensico Reservoir.  

When water reaches the Hillview Reservoir, at an elevation of 90 meters above sea 

level, it has sufficient pressure to reach the 6th floor of most NYC buildings without 

pumping.  From the Hillview Reservoir, water enters one of 3 main city water 

distribution tunnels as shown in Figure 2.2b.  City Tunnel 1, commissioned in 1917, 

carries water from the Hillview Reservoir to trunk lines in the Bronx and Manhattan.  

City Tunnel 2, commissioned in 1938, carries water from the Hillview Reservoir to 

trunk lines in the Bronx, Queens, and Brooklyn.  City Tunnel 3, which has been under 

construction since 1970, will involve nearly 96 km (60 mi.) to service areas in the 

Bronx, Manhattan, Queens, and Brooklyn.  Figure 2b indicates the completed phases 

of Tunnel 3, as well as those currently under construction and planned for future 
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Figure 2.2  New York City Water Supply System with Water Tunnels 1, 2 and 3 

(NYC DEP, 2005) 

 

construction.  City Tunnel 3, which is scheduled for completion in 2020, will allow for 

complete dewatering and repair of either City Tunnels 1 or 2.   

 

City Tunnel 1 is the backbone of supply for 90% of the water consumed in 

Manhattan.  The tunnel is about 183-213 m (600-700 ft.) below street surface and 

transmits water to the distribution pipeline system through riser shafts.  The shafts are 

equipped with regulators to decrease pressure to a level compatible with the capacity 

of the distribution pipelines. 
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The water distribution system within NYC is composed of approximately 

10,934 km (6,800 mi.) of pipelines, 75% of which are cast iron mains mostly installed 

before 1950.  The remaining 25% of the system are ductile iron pipelines installed 

after 1970 (Chapin, 2001).  

 

2.4 Fire Department Response 

 

The FDNY response to the WTC disaster involved 3 principal operations: 1) 

rescue activities based at the WTC towers, 2) firefighting with water from hydrants, 

mainly, but not exclusively, on the eastern side of the WTC site, and 3) fireboats 

pumping water from the Hudson River to deliver water to the western side of the 

disaster area.   

 

2.4.1 Land-based Response 

 

Figure 2.3 is an aerial view of the WTC site before the collapse of the twin 

towers, which shows the locations of key buildings involved in the land-based 

response of the FDNY.  The FDNY response to the 9/11 attack began shortly after the 

first plane crashed into WTC 1 at 8:46 am.  By 9:00 am, 21 engine companies, 9 

ladder companies, 4 elite rescue teams, 2 squad companies, and the hazmat team and 

its support staff had been dispatched to the scene.  When the second plane hit WTC 2 

at 9:03 am, further units were dispatched and by 9:54 am nearly one third of all FDNY 

units had been dispatched to the WTC site (9/11 Commission, 2005).  This was the 

largest emergency response event in FDNY history involving over 1,000 firefighters 

(NIST, 2005).     
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FDNY command posts were set up in the lobbies of WTC 1, WTC 2 and the 

Marriott Hotel (WTC 3), and in the first floor of buildings at the corner of Vesey and 

West Sts. and West and Liberty Sts.  Although the primary objective of the response 

was rescue, there was substantial effort focused on fire suppression and containment.  

 

The majority of fires occurred on the eastern side of the WTC Complex, 

primarily in WTC 4, 5 and 7.  Firefighters ran hoses from trucks and hydrants on the 

eastern side of the site to combat these fires.  Water pressures at hydrants adjacent to 

the WTC complex declined throughout the day due to losses from water mains 

ruptured by the collapse of the towers.  In the afternoon of 9/11, the decision was 

made to abandon WTC 7, which collapsed about 5 pm.   

     

2.4.2 Marine Response 

 

Fires on the western side of the WTC area were fought primarily with water 

pumped from the Hudson River, which is two to three blocks from the WTC Complex.  

The FDNY dispatched all 3 in-service fireboats, as well as one that was in the process 

of being dry-docked for maintenance.  The accounts of the activities of each boat on 

9/11 and the days following were obtained through interviews with Marine Company 

firefighters who were involved in the response.  Figure 2.4 illustrates the travel routes 

of the fireboats on the morning of 9/11.  Figure 2.5 depicts the tie-up locations of each 

fireboat and the hose and pumper systems extending towards the WTC area. 
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Figure 2.3  Aerial View of the WTC Site Before the Collapse of WTC1 and WTC2 

(FEMA, 2002) 
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Figure 2.4  FDNY Fireboat Travel Routes on September 11, 2001 
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Figure 2.5  Schematic of Fireboat Deployments near the  WTC Complex 

 

2.4.2.1 McKean 

 

As shown in Figure 2.4, the John D. McKean, maintained by Marine Company 

1, left its berth at Bloomfield St. when it received information about the first plane 

crash at approximately 8:48 am.  The McKean arrived at Albany St. within 12 minutes 

of the first plane crash and before the second plane hit WTC 2.  The McKean made 

two trips across the Hudson to Jersey City to deliver people to safety.  Approximately 

200 people were transported to New Jersey on one of these trips.   

 

As shown in Figure 2.5, the McKean returned to tie up at Albany St. at roughly 

10 am.  Firefighters ran eight 89 mm (3.5 in.) hose lines and one 127 mm (5 in.) hose 
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line through the streets towards the WTC area.  These lines pumped continually for the 

first 1.5 days.  For the next 2 to 3 days, five 89 mm (3.5 in.) supply lines were used, 

and only three lines were used as needed in subsequent days.  Most lines were directed 

down Liberty St. to an engine pumper at the corner of Liberty and South End Avenue, 

and then on to the WTC site.  Another line was deployed for firefighting near the 

corner of West Side Highway and West Thames St. (Farrenkopf, 2005).  The McKean 

crew estimates that pumps operated for 386 hours from September 11 to 28.  In the 

first 3 days following the disaster, the fireboat pumped continuously, and then pumped 

as needed for the remaining 15 days.   

 

2.4.2.2 Firefighter 

 

The largest fireboat in the fleet, the Firefighter, maintained by Marine 

Company 9, left Staten Island and arrived at Vesey St. approximately 1 hour after the 

first plane crash (see Figure 2.4).  The Firefighter did not transport victims to New 

Jersey.  As shown in Figure 2.5, it tied up near Vesey St., and ran lines from the boat 

towards the WTC area.  The Firefighter did not use full pumping capacity, and only 

operated 2 of its 4 pumps, for a pumping capacity of 37,854 lpm (10,000 gpm).  

Records show that 3 hose lines were used to convey water from the Firefighter, 

including two 127 mm (5 in.) and one 89 mm (3.5 in.) diameter hoses.  Initially, one 

engine pumper was deployed at the corner of Vesey and West Sts. to run water into 

the Verizon Building.  In the 24 hours following the disaster, 3 additional pumper 

trucks were deployed between the Firefighter and the pumper at West and Vesey St. to 

convey additional water to the Verizon Building.  It is estimated that the Firefighter 

pumps operated for 255 hours.    
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2.4.2.3 Kane 

 

The fireboat of Marine Company 6, the Kevin C. Kane, was undergoing repairs 

at the time of the 9/11 attack, but by 10 am that day, the Kane was put back in service 

and dispatched from Pier G at the Brooklyn Navy Yard, as shown in Figure 2.4.  Like 

the McKean, the Kane made two trips between the lower west side of Manhattan and 

Jersey City to transport civilians to safety.  As shown in Figure 2.5, the Kane tied up at 

North Cove at approximately 10:45 am and ran hose lines through Winter Garden 

towards the burning WTC area.  The Kane and Smoke II alternated pumping duties 

while the other boat returned to the Brooklyn Navy Yard to be ready to respond should 

an attack in another area arise.  The FDNY Marine Division estimates that the Kane 

pumps operated for 244 hours. 

 

2.4.2.4 Smoke II 

 

The Smoke II was within 15 minutes of having its main shaft disconnected for 

maintenance work at the Brooklyn Navy Yard when the WTC attack occurred.  The 

Smoke II was brought back into service and arrived at North Cove within 15 minutes 

of the first plane crash.  Its travel route is shown in Figure 2.4.  The Smoke II made 

one trip to Jersey City transporting victims, and then alternated pumping duty and in-

service duty with the fireboat Kane.  It is estimated that the Smoke II operated its 

pumps for a total of 156 hours. 
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2.5 Water Supply Performance 

 

Figure 2.6 presents a plan view of the area of lower Manhattan surrounding the 

WTC complex in which the locations of damaged water mains are shown. There were 

about 10 locations of ruptured water mains within the disaster area. Damage was 

caused primarily by direct impact from collapsing structures and falling debris. All 

locations of damage in Figure 2.6 were at mains of 300 (12 in.) and 500 mm (20 in.) 

nominal diameter, with the exception of a 400 mm (16 in.) diameter main that was 

abandoned within the WTC site. 

 

As discussed previously, water pressures declined due to losses through the 

ruptured mains, hampering the activities of firefighters. Measurements at 6 pm 

disclosed that water pressure two to three blocks from the WTC site had declined to a 

level approximately one third of that under normal flow conditions. From about 6 pm 

to 2 am, NYC DEP personnel shut gate valves in the pipeline network surrounding the 

site to isolate damaged pipelines from the rest of the system.  Isolating the broken 

mains restored pressure in the intact system outside the perimeter of closed gate 

valves. 

 

The gate valves and isolated pipelines are identified in Figure 2.6. The area of 

the isolated water distribution system was approximately 0.8 km2 (0.3 mi2).  As 

pointed out by O’Rourke, et al. (2003), large areas of the gas and steam systems, 1.2 

km2 (0.5 mi2) and 3.4 km2 (1.3 mi2), respectively, were likewise isolated after the 

WTC disaster. Although physical damage to water, gas, and steam pipelines was 

confined principally to the area of debris impact surrounding the WTC complex, the 

extent of damage at the time of the disaster was unknown. Consequently, conservative 
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Figure 2.6  Schematic of Operational Status of Water Mains near WTC Area on 

September 12, 2001 
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decisions were made about the size of the isolation zones. One to two weeks were 

required for restoration of most or all of the isolated zones. 

 

Four riser shafts for Water Tunnel 1 in lower Manhattan provide water for the 

distribution system that serves the WTC area and nearby neighborhoods. Flow 

measurement records at each shaft were combined to plot the hydrograph in Figure 

2.7.  As discussed previously, the shafts are equipped with regulators so that the 

hydrograph represents a relatively accurate assessment of flow at constant pressure. 

Various times are labeled on the hydrograph to mark local highs and lows of the flow 

record.  

 

The normal flow cycle for lower Manhattan is similar to that of other urban 

centers.  Minimum daily flow occurs typically between 3 and 4 am, with peak daily 

flow at about 9 am.  As depicted in the figure, the flow was rising to its daily peak 

when the WTC1 and WTC2 were struck at approximately 8:46 and 9:03 am, 

respectively.  Water usage declined to 100 Mgd/379 Mld (70,000 gpm/264,979 lpm) 

as daily patterns of use were interrupted until 9:59 am when the WTC2 was struck.  

Losses from ruptured water mains associated with the collapse of the WTC2 led to a 

rapid increase in flow of about 55 Mgd/208 Mld (38,000 gpm/143,846 lpm) for a total 

155 Mgd/587 Mld (108,000 gpm/408,825 lpm). The flow increased gradually by an 

additional 1.4 Mgd/5.3 Mld (5,000 gpm/18,927 lpm) after 10:20 am as fire fighters 

drew water from hydrants surrounding the site.  

  

An independent assessment of water drawn from the distribution system was 

made by interviewing deputy fire chiefs, who were in command on the eastern and 

western sides of the WTC complex.  The chiefs were able to identify hydrants, hoses, 
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Figure 2.7  Water Flow vs. Time for the Water Supply to Lower Manhattan on 

September 11, 2001 

 

and fire engines used at the site from which it was estimated that approximately 4,500 

gpm/17,034 lpm were being drawn from the water distribution system.  Hence, the 

estimate obtained from fire department commanders and the rate shown by the flow 

measurements are in reasonably good agreement. 

 

2.5.1 Collateral Damage 

 

Water from the ruptured pipelines flowed into the underground sections of the 

WTC complex and flooded the Port Authority and Trans-Hudson (PATH) tunnels 

beneath the Hudson River.  Before 9/11, PATH trains had transported commuters 

from Exchange Place Station on the New Jersey side of the Hudson to the WTC 
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Station in the WTC underground complex.  Exchange Place Station, which is lower in 

elevation than the WTC Station, was also flooded. 

 

Water flooded the cable vault of the Verizon Building at 140 West St., where 

70,000 copper pairs and additional fiber optic lines had been severed by falling debris.  

Nearly 41,600,000 liters (10,990,000 gal.) of water had to be pumped from the vault 

during recovery.  The seventh and ninth floors of the telecommunications building 

also sustained water damage. 

 

The capacity of the telecommunications office at 140 West St. had been one of 

the largest in the world.  The building housed four digital switches, 500 optical-

transport systems, 1,500 channel banks, 17,000 optical fiber lines, 4.4 million data 

circuits, and 90,000 message trunks.  As a result of the damage and flooding, Verizon 

lost 200,000 voice lines, 100,000 private branch exchange lines, 4.4 million data 

circuits, and 11 cell sites.  More than 14,000 business and 20,000 residential customers 

were affected. 

 

2.6 Hydraulic Network Analysis 

 

Hydraulic network analyses were performed to help evaluate the actual water 

flow from fireboats to the WTC site and to perform a parametric study of the 

important variables influencing water relay systems during an emergency.  The first of 

these analyses involved the collection of information about the actual deployment of 

fireboats and firefighting equipment.  Reports prepared by FDNY personnel and 

interviews with Marine Division firefighters on duty during 9/11 were used to 

determine the number of hose connections per fireboat manifold, sizes and 
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deployment of hoses, number and location of pumper trucks, truck characteristics, 

pumping duration at each boat, and approximate number and type of hand lines to 

spray water at the WTC site.  Where possible, this information was supplemented by 

aerial photographs that were used to identify and count the number of hose lines 

originating at the fireboats. 

 

 Interviews with firefighters disclosed that there were difficulties experienced 

with access to fittings for connecting the fireboat manifold with hose lines as well as 

connections between hose lines of variable diameter and various engines deployed to 

the site.  Fireboats were equipped with a variety of hose sizes and hose couplings, but 

in some cases firefighters ran short on hose couplings needed to extend larger diameter 

89 mm (5 in.) hose relays.  This caused a delay in setting up the hose relays as 

firefighters searched other fireboats and fire trucks for necessary couplings.  A greater 

number of larger diameter hose lines might have been deployed from the fireboats had 

an adequate number of hose sizes and corresponding couplings been on board. 

 

The basic deployment of hose lines and relay system, using the fireboat 

Firefighter as an example, is shown schematically in Figure 2.8.  The fireboat drew 

water from the Hudson River via two, 37,854 lpm (10,000 gpm) pumps.  Water was 

pumped to a manifold on the deck of the boat that is equipped with multiple outlets for 

hose line connections.  Hoses were connected to the manifold, and the hose lines were 

run towards the WTC site.  Fire engines equipped with 3,785 lpm (1,000 gpm) pumps, 

called pumper trucks, were integrated into the hose relay to provide a boost in 

pressure.  At the end of the relay system, smaller diameter hoses with nozzles, called 

hand lines, were used by firefighters to spray water.  To model the hydraulic flow in 

this system, the computer program EPANET was used.  EPANET is a Windows-based 
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1 mm = 0.04 in., 1m = 3.28 ft., 1 MPa = 145.04 psi, 1 L/s = 15.85 gpm 

Figure 2.8  Schematic of Hose and Pumper System for Hydraulic Network Modeling 

of Fireboat Firefighter Flows to WTC Site 

 

software program distributed by the Environmental Protection Agency (EPA) for the 

simulation and analysis of flow and pressures in hydraulic distribution networks.  In 

essence, the program solves a series of nonlinear equations for the continuity of 

incompressible flow and conservation of in pressurized pipeline networks.  Various 

parameters are required to model the flow, including hose diameter, length and 

coefficient of friction, changes in elevation within the system, and pump 

characteristics.  Table 2.1 lists the fire protection system components and 

characteristics necessary to model a fireboat hose and pumper system.  The pumping 

characteristics of both the fireboat pumps and pumper trucks were modeled by one 

point pump curves.  This modeling method is commonly used for water distribution 

systems and uses the flow and pressure at a known point to estimate the head versus 

flow characteristics of the pump (Armando, 1987; EPA, 2005).  The rated flow and 

pressure associated with the fireboats and pumper trucks were obtained from FDNY 
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Marine Company Officers (Farrenkopf, 2005).  The operating flows and pressures for 

each fireboat and the pumper trucks are listed in Table 2.1.   

 

The manifold that enables the distribution of water from the fireboat into 

multiple hose lines was included as a 1.5 m long (5 ft.) pipe with 208 mm (8 in.) ID, 

and frictional coefficient of 130.  The elevation of the manifold was determined based 

on the tie-up location of the fireboat.  Relay hoses were 89 mm (3.5 in.), 127 mm (5 

in.) or 178 mm (7 in.) ID, and lengths varied between 60 and 300 m (200 and 1000 

ft.).  Elevations were determined from a GIS by overlaying hose paths with a digital 

elevation map of Lower Manhattan.  The lines used were smooth, rubber-lined hoses, 

so a frictional coefficient of 150 was used.  Hand lines are smaller diameter hoses that 

can be equipped with nozzles.  Standard 64 mm (2.5 in.) ID hand lines, 30.5 m (100 

ft.) in length with a frictional coefficient of 150 were used in the EPANET model.  

Nozzles were modeled as virtually frictionless, short hoses, 305 mm (12 in.) in length 

and 35 mm (1.2 in.) ID, with a loss coefficient of 1, to simulate water freely spraying 

from the nozzle.  The elevations of the originating and terminating nodes of the nozzle 

were assumed to be constant. 

 

Analyses were performed for the Firefighter using the actual hose diameters 

and distances, number of pumper trucks, and hand lines depicted in Figure 2.8.  The 

Firefighter docked at Vesey St. and ran three hose lines from its manifold, delivering 

water nearly 340 m (1,115 ft.) inland.  The results showed that the Firefighter supplied 

about 9,500 lpm (2,500 gpm).  Similar analyses were performed for the McKean, 

Kane and Smoke II.  Figures 2.9 and 2.10 show the hose relay systems for the 

McKean and Kane/Smoke II, respectively.  The McKean pumped water through nine 

hoses from its manifold, and supplied the greatest amount of water of the three 
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Table 2.1 Summary of Hydraulic Network Components of 

Fireboat/Pumper Truck Relay 

Hydraulic Component Modeling Characteristic 

Fireboat Pump One point pump curve with rating of 631 l/s at 1.03 MPa 

for the Firefighter and McKean; and 316 l/s at 1.03 MPa 

for the Kane; and 126 l/s at 1.03 MPa for the SmokeII 

Fireboat Manifold 

ID = 203 mm, length = 1.5 m,  

and friction coefficient = 130 

Pumper Truck One point pump curve with rating of 63 l/s at 1.03 MPa 

Hoses ID = 89, 127, or 178 mm, and friction coefficient = 150 

Hand Lines ID = 64 mm, and friction coefficient = 150 

Hose Nozzle ID = 35 mm, length = 305 mm, and loss coefficient = 1 

1 mm = 0.04 in., 1m = 3.28 ft., 1 l/s = 15.85 gpm 

 

fireboat operations, roughly 13,250 lpm (3,500 gpm).  The McKean was able to 

deliver water as far as 640 m (2,100 ft.) inland.  The Kane and Smoke II alternated 

pumping duties, and together supplied about 4,550 lpm (1,200 gpm) via two hose lines 

reaching approximately 275 m (900 ft.) inland.  Excess water unable to flow through 

hoses and land-based equipment was discharged back into the Hudson River without 

specific measurement.  Hence, the fireboat pumping records do not provide an 

accurate measure of water actually delivered to the WTC site.  The FDNY did, 

however, make estimates for how much water each fireboat supplied.  The results of 

the hydraulic network analyses show 27,300 lpm (7,200 gpm) of simultaneous flow
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1 mm = 0.04 in., 1m = 3.28 ft., 1 MPa = 145.04 psi, 1 L/s = 15.85 gpm 

Figure 2.9  Schematic of Hose and Pumper System for Hydraulic Network Modeling 

of Fireboat McKean Flows to WTC Site 

 1 mm = 0.04 in., 1m = 3.28 ft., 1 MPa = 145.04 psi, 1 L/s = 15.85 gpm 

Figure 2.10  Schematic of Hose and Pumper System for Hydraulic Network Modeling 

of Fireboat Kane/Smoke II Flows to WTC Site 
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for the three fireboat operations, which is about 25% less than FDNY’s estimate of 

34,100 lpm (9,000 gpm), based on pumping at an assumed 30% of maximum capacity.  

 

The fireboats were able to provide about 27,300 lpm (7,200 gpm) compared to 

the 17,000 to 19,000 lpm (4,500 to 5,000 gpm) of water available from hydrants 

surrounding the site for several hours after the towers collapsed.  Marine-side water to 

the disaster site was approximately 44 to 60% greater than land-side water. 

 

2.7 Parametric Analysis 

 

A parametric study was conducted on a simplified hose network connected to 

the Firefighter to evaluate the effects of hose diameter, number of pumper trucks, and 

configuration of truck and hose line on the quantity of water that can be conveyed to a 

conflagration site.  Figure 2.11 shows a schematic of this streamlined hose and pumper 

system.  Scenarios involving 89 mm (3.5 in.), 127 mm (5 in.) and 178 mm (7 in.) ID 

supply hoses were considered with both two pumper and three pumper trucks.  The 

number of 64 mm diameter (2.5 in.), 30 m long (100 ft.) hand lines was altered to find 

the optimal configuration for each scenario that permitted the largest flow of water 

while maintaining adequate nozzle pressures of 517 to 690 kPa (75 to 100 psi).  When 

feasible, an additional relay of hoses and pumper trucks was added and the number of 

hand lines was manipulated to achieve the optimal scenario.  Figure 2.11 depicts one 

hose relay with three pumper trucks, and Figure 2.12 illustrates an example of two 

hose relays with four pumper trucks. 
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1 mm = 0.04 in., 1m = 3.28 ft 

Figure 2.11  Schematic of Hose and Pumper Trucks for Parametric Study – 1 Hose 

Relay with 3 Pumper Trucks 

1 mm = 0.04 in., 1m = 3.28 ft 

Figure 2.12  Schematic of Hose and Pumper Trucks for Parametric Study – 2 Hose 

Relays with 4 Pumper Trucks 
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The results of the parametric study, summarized in Table 2.2, show that hose 

size has a major impact on the ability to supply water inland from marine-side sources.  

The total flow at a relay distance equivalent to that at the WTC site is approximately 

4,200 lpm (1,100 gpm), 15,150 lpm (4,000 gpm) and 20,800 lpm (5,500 gpm) for the 

89 mm (3.5 in.), 127 mm (5 in.) and 178 mm (7 in.) ID hoses, respectively.  In 

addition, the parametric study indicates that two pumper trucks, rather than three, 

represents the best deployment of resources.  With three trucks there is only an 

approximate 5 to 9% increase in the flow relative to that supplied with two trucks.  

With a 5-in.-diameter hose, for example, it is possible to set up two relays in parallel, 

each using two pumper trucks to move 7,900 lpm (2,000 gpm) for a total of 15,800 

lpm (4,000 gpm).  Supplying an additional pumper truck in each relay actually 

decreases the total flow to 14,550 lpm (3,800 gpm), as adequate nozzle pressure 

cannot be maintained to support enough hand lines to generate increased flow.  

Similarly, a 178 mm (7 in.) diameter hose in tandem with two pumper trucks can 

supply 10,225 lpm (2,700 gpm) for a combined 20,450 lpm (5,400 gpm) from two 

parallel relays.  The addition of a third pumper in each 178 mm (7 in.) hose relay only 

increases total flow to 20,960 lpm (5,540 gpm), a gain of less than 3%.  The analytical 

results show that none of the hose sizes are able to supply water at an appropriate 

nozzle pressure with three parallel relays.   

 

The results of these analyses are helpful for strategic thinking about the 

deployment of fire boats to fight land-based fires.  As the results show, the principal 

bottleneck in the distribution of marine-side water to inland fire sites is the hose size.  

As the hose size doubles from 89 to 178 mm (3.5 to 7 in.) in the parametric study, the 

maximum flow at acceptable nozzle pressure increases by five-fold.  Moreover, for 

relay distances of approximately 366 to 396 m (1,200 to 1,300 ft.), two pumper trucks 
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Table 2.2  Summary of Parametric Study for WTC Fireboat Pumping Scenarios 

 

per relay represents the best use of scarce resources for water delivery.  

  
 
2.8 Fire Protection During 1989 Loma Prieta Earthquake 

 

The most serious fire caused by the 1989 Loma Prieta earthquake was 

extinguished with the assistance of the San Francisco Fire Department (SFFD) fireboat 

and special firefighting equipment, referred to as the Portable Water Supply System 

1 Hose Relay 2 Hose Relays 

Hose 

Size 

No. 

Pumper 

Trucks 

Flow 

No. 

Pumper 

Trucks 

Flow 

2 
3,899 lpm  

(1,030 gpm) 
not feasible not feasible 

3.5 

3 
4,500 lpm 

(1,189 gpm) 
not feasible not feasible 

2 
7,934 lpm 

(2,096 gpm) 
4 

15,861 lpm 

(4,190 gpm) 
5 

3 
8,506 lpm 

(2,247 gpm) 
6 

14,551 lpm 

(3,844 gpm) 

2 
10,232 lpm 

(2,703 gpm) 
4 

20,453 lpm 

(5,403 gpm) 
7 

3 
10,486 lpm 

(2,770 gpm) 
6 

20,964 lpm 

(5,538 gpm) 



 

39 

(PWSS).  Because of similarities with the WTC firefighting operation, it is worth 

reviewing the fire and fire suppression activities associated with the Loma Prieta 

earthquake. 

 

Descriptions of fire following the 1989 Loma Prieta earthquake have been 

provided in several publications (e.g., Scawthorn, et al., 1992; O’Rourke and Pease, 

1992; and Scawthorn, et al., 2006), and only the salient details are given here.  The 

most serious fire after the Loma Prieta earthquake broke out at the corner of 

Divisadero and Beach Sts. in the Marina District, as illustrated in Figure 2.13.  

Because of damage in underground pipelines, inadequate water was available from 

nearby hydrants to fight the fire.  The fireboat Phoenix, operated by SFFD, was 

dispatched from its berth at Pier 22½ as shown in Figure 2.13 and arrived at the 

Marina about an hour and 45 minutes after the main shock.  The fireboat Phoenix has 

the ability to pump 36,300 lpm (9,600 gpm) at a pressure of 1.03MPa (150 psi) and 

was the only fireboat operated by SFFD at the time.  The fireboat tied up in the Marina 

harbor (see Figure 2.13) and hooked up with special hose tenders belonging to SFFD.  

The hose tenders are part of the PWWS, which was implemented for fire protection 

only two years before.  Each hose tender consists of a truck with 1,525 m (5,000 ft.) of 

127 mm (5 in.) diameter hoses, portable hydrants, and special valves, which can 

connect with fireboats, underground cisterns, and the underground pipeline network to 

provide an additional measure of flexibility under emergency circumstances.  The 

PWSS is now equipped with a portable, diesel-driven pump that can draft water 

directly from the bay with a pumping capacity of 4,550 lpm (1,200 gpm) (Scawthorn, 

et al., 2006). 
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Figure 2.13  Travel Route and Tie-Up Location for Fireboat Phoenix and Hose Line 

Deployments after the Loma Prieta Earthquake 
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Approximately 2 hours after the main shock, the first PWSS water was 

directed to the fire by hose lines from Marina Blvd down Divisadero St.  Two more 

hose tenders arrived to convey water by the routes shown in Figure 2.13.  The 

maximum combined water flow to the fire was reported as 23,000 lpm (6,100 gpm) 

(O’Rourke and Pease, 1992), and the fire was brought under control about 4 hours 

after the earthquake. 

 

2.9 Discussion 

 

The WTC disaster provides a graphic illustration of the interdependencies of 

critical infrastructure systems.  The building collapses triggered water main breaks 

that flooded rail tunnels, a commuter station, and the vault containing all the cables for 

one of the largest telecommunication nodes in the world.  These included the Security 

Industry Data Network and the Security Industry Automation Corporation circuits 

used to execute and confirm block trades on the stock exchange.  Before trading 

resumed on the New York Stock Exchange on Monday, September 17, 2001, the 

telecommunications network had to be reconfigured.  Hence, ruptured water mains 

were linked directly with the interruption of securities trading and the restoration of 

international financial stability. 

 

Water main performance frequently affects the operation of neighboring 

infrastructure in crowded urban environments.  For example, a systematic review of 

major infrastructure accidents in New York shows 50 major incidents involving cast 

iron water main rupture and flooding from 1980-1990.  Several of these accidents 

resulted in multi-million dollar damage and disruption (O’Rourke, 1993).  Cast iron 
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pipelines comprise 70 to 80% of the pipelines in many U.S. water distribution 

systems, such as those in New York City and Los Angeles.   

 

Damage to water distribution pipelines surrounding the WTC site was 

sufficiently severe that pressure losses from leaking water mains interfered with 

firefighting.  Similar disruption of the water supply was experienced after the Loma 

Prieta earthquake when seismic damage of underground pipelines deprived firefighters 

of water needed to extinguish the Marina fire.  In both cases, the loss of pipeline water 

was compensated by water pumped from fireboats dispatched to the area of 

conflagration.   

 

Of particular interest is the use of special hose tenders after the Loma Prieta 

earthquake that were able to convey water rapidly from the bay.  Since the Loma 

Prieta earthquake, a number of cities vulnerable to earthquakes have adopted PWSS 

concepts in fire protection systems.  San Francisco has acquired a second fireboat, 

Guardian, capable of pumping 1,600 L/s (24,000 gpm).  Fireboat and PWSS 

equipment have been acquired by Vancouver, British Colombia and the cities of 

Oakland, Berkeley, and Vallejo, CA. 

 

September 11 experience supports a similar strategy for extreme events of non-

earthquake origin.  Fireboat deployment and implementation of PWSS concepts 

provide options for supplying water under emergency conditions.  Water supply from 

fireboats to land-based locations is especially important where significant damage to 

the distribution pipeline system has occurred or where the capacity of the existing 

pipeline system is limited.  
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2.10  Conclusions 

 

Water supply performance during the WTC disaster underscores the 

importance of water supply systems in crowded urban environments.  Not only is the 

water distribution infrastructure critical for fire protection and the support of 

household and commercial activities, water main damage can rapidly cascade into 

damage of nearby gas, electric, telecommunications, and transportation facilities with 

substantial direct and indirect economic losses.  Water from ruptured water mains 

during the WTC disaster flooded one of the commuter rail PATH tunnels, eventually 

threatening Exchange Place Station in New Jersey, and flooded a vault with 

telecommunication cables that carried financial data needed for securities trading on 

the New York Stock Exchange. 

 

The analytical studies and results described in this chapter have important 

tactical ramifications for fire protection during extreme events.  Fireboats are 

frequently equipped with high capacity pumps, well suited for spraying water on 

burning waterfront properties.  When fireboats are used to pump water to shore, the 

principal bottleneck in the conveyance system is the hose size.  Hydraulic network 

models with standard 89 mm (3 in.) hose lines and pumper trucks show that the 

maximum flow that can be delivered is only 10% of the pumping capacity of a large 

fireboat. The sensitivity analyses presented herein show considerable benefits from 

deploying 127 mm (5 in.) and 178 mm (7 in.) diameter hoses.  Moreover, the analyses 

also show that two pumper trucks per relay, as opposed to three, is a better use of 

critical equipment when relay distances are in the range of 365 m (1,200 ft.) to 400 m 

(1,300 ft.). 
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From a strategic perspective, fireboat deployment during the WTC disaster and 

the Loma Prieta earthquake were essential for controlling fires.   Estimated flows from 

fireboat pumping records and hydraulic network analyses indicate that water supplied 

from fireboats during the WTC disaster was approximately 150% of the water initially 

available in underground pipelines.  Moreover, flow and pressure in underground 

pipelines network declined steadily during 9/11 until all flow was shut off by isolating 

the area of suspected damage from the rest of the distribution pipeline network.   

Experience in the San Francisco Bay Area during and after the Loma Prieta 

earthquake reinforces the WTC experience, and demonstrates that water can be 

conveyed rapidly from marine locations for distances as great as 1 km (0.6 miles), 

provided that appropriate planning and equipment acquisition have been undertaken. 
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CHAPTER 3 

 

EARTHQUAKE DECISION SUPPORT SYSTEM FOR WATER SUPPLIES 

 

 

3.1 Decision Support System 

 

This chapter describes a decision support system (DSS) developed for the 

seismic performance of water supplies, and implemented by the Los Angeles 

Department of Water and Power (LADWP).  It conforms to the definition of a DSS as 

a computer-based information and modeling system that works interactively with 

users to address unstructured problems for strategic planning, management and 

operations (Turban, 1995).   The DSS is adaptive; it benefits from an iterative or 

evolutionary process whereby users provide feedback that influences the DSS 

development (Sprague and Watson, 1989; Keen, 1980).  The conceptual and 

organizational basis of the DSS follows the multihazard framework for lifeline system 

performance depicted in Figure 3.1, which is generalized from the framework 

proposed by O’Rourke, et al. (2004) for the seismic performance of lifelines. 

 

The framework includes five major components: hazards, system 

characteristics, hazard/system interaction, system response, and consequences.  

Hazards, such as earthquakes, floods, accidents, human threats, and hurricanes can be 

applied to a lifeline system.  The effects of one hazard can be evaluated, or the hazards 

can be combined for an integrated hazard assessment.  As shown in Figure 3.1, a 

system is defined by both physical and operational characteristics.  The interaction 

between the hazard and water supply system is assessed for both above ground 
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facilities (e.g., tanks, electric power substations, pump stations) and underground 

facilities (e.g. pipelines).  Fragility assessments are performed for system components 

to determine their post-event functionality, thus producing information about system 

response and the changes in that response resulting from alterations of the system.  

Such information is used by system managers for increasing pre-event resilience 

through strategic planning, system improvements, and adjustments in daily operating 

procedures.  System response also has post-event consequences, including emergency 

operations, system restoration, community impact, and regional economic effects.   

 

It is the post-event consequences that involve the greatest amount of 

interaction among system operators, external organizations, and the community 

receiving service.  By providing a framework for quantifying the effects of water 

losses on emergency responders, regional businesses, and service area neighborhoods, 

the DSS is able to expand the scope of decision making beyond the engineering and 

operational applications that have been the focus of conventional water supply 

modeling.  A distinguishing characteristic of the DSS, therefore, is its ability to 

address multi-institutional, economic, and social factors. 

 

A special hydraulic network analysis software program, Graphical Iterative 

Response Analysis for Flow Following Earthquakes (GIRAFFE) was developed and 

implemented in the DSS for the purpose of analyzing water systems damaged by 

earthquakes.  GIRAFFE is built on the freely available, open source hydraulic analysis 

program, EPANET, developed by the Environmental Protection Agency (EPA, 2007).  

Details of the development, capabilities and validation of GIRAFFE can be found in 

Shi (2006).   
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Figure 3.1  Generic Framework for the Effects of Hazards on Lifeline System 

Performance 

 

 

Figure 3.2 shows a flow chart for GIRAFFE simulation, highlighting the 

preprocessing, analysis and post processing steps.  GIRAFFE simulation involves five  

major modules: system definition, earthquake/system interaction, system damage, 

hydraulic network analysis, and compilation of results.  In the system definition 

module, a user defines the physical and operational characteristics, topology, and pre-

earthquake water demands of the hydraulic network being analyzed.  The 

earthquake/system interaction module links permanent ground deformation (PGD) and 
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Figure 3.2  Flow Chart for Hydraulic Network Analysis of Water Supplies Damaged 

by Earthquakes 
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transient ground deformation (TGD), or seismic wave effects, with the locations and 

severity of damage to pipelines and water distribution facilities (e.g., tanks, reservoirs, 

regulation stations, etc.).  Two types of pipeline are distinguished: 1) trunk lines with 

predominantly nominal diameter, Dp, ≥ 600 mm that convey large quantities of water 

from reservoirs to local distribution networks, and 2) distribution lines with Dp < 600 

mm that convey water mainly to residences and businesses.   

 

The earthquake/system interaction module adds damage to pipelines and other 

facilities, and characterizes the damage for hydraulic network analysis.  GIRAFFE 

provides two simulation options for system damage: deterministic and probabilistic.  

In a deterministic simulation, the user explicitly defines all damage that will be 

imposed on the system, and GIRAFFE performs hydraulic network analyses on that 

damaged system.  In a probabilistic simulation, GIRAFFE uses a Poisson process to 

simulate the occurrence of pipeline damage based on seismic demands and pipe 

characteristics.  As indicated in Figure 3.2, the damaged system is reconfigured to 

remove portions of the system that have been 1) physically disconnected, and 2) 

rendered hydraulically unreliable by the presence of unsustainable negative pressures 

identified by the hydraulic network analyses.   

 

For the probabilistic simulation, GIRAFFE performs multiple Monte Carlo 

simulations, each generating different damage scenarios.  The user can specify the 

number of Monte Carlo simulations to be performed, or can allow GIRAFFE to 

determine the number of simulations based on a self-termination algorithm that 

automatically stops when convergence criteria have been met.  The compilation of 

results is performed, and the results displayed with the aid of a geographic information 

system (GIS) that shows the spatial distribution of damage and system functionality.  
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Results quantified and visualized by GIS provide the input for further simulations and 

DSS treatment of emergency response, system restoration, regional economic effects, 

and community impact.   

 

3.2 System Definition 

 

 The characteristics of the water supply are incorporated in the hydraulic 

network model that accounts for water sources, tanks, reservoirs, pipelines, valves, 

pumps, pre-earthquake water demands, and topographic effects on water pressure and 

flow.  As described above, GIRAFFE uses EPANET (EPA, 2007), which is readily 

available on online and used in hydraulic network analysis by many U.S. water supply 

operators.   
 

The LADWP hydraulic network model simulates 2,200 km of trunk and 

distribution pipelines, of which 1020 km have 600 mm ≤ Dp ≤ 3800 mm, and the rest 

have 300 mm ≤ Dp < 600 mm system.  The remaining 9,800 km of small diameter 

distribution pipelines are not modeled explicitly, but are instead represented by 1,052 

demand nodes.  The majority of demands are less than 63 l/s, indicating residential 

consumption.  Approximately 10% of the nodal demands are greater than 63 l/sec, 

reflecting industry usage.  Remaining model components include 103 tanks, 180 

reservoirs, 436 valves, and 282 pumps.  Reservoirs are modeled as having fixed head, 

and the level does not change with time.  Tank levels, however, vary dynamically and 

are adjusted after each simulation time step based on either the initial water level and 

tank diameter, or an associated curve that relates water elevation to the volume of 

water available in the tank.     
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3.3 Earthquake/System Interaction 

 

Earthquake/system interaction involves characterizing the strong motion, or 

TGD, for various scenario earthquakes that can affect the water supply system, and 

predicting the locations and characteristics of PGD triggered by liquefaction, 

landslides, and surface fault rupture.  Various empirical and analytical soil-structure 

interaction models are used to link water supply damage with TGD and PGD.   

 

3.3.1 Scenario Earthquakes 

 

An ensemble of 59 scenario earthquakes was developed to characterize the 

seismic hazards affecting the LADWP system (Lee, et al., 2005).  The ensemble can 

be used to evaluate the aggregated seismic hazard for the system, or individual 

scenario earthquakes can be used to evaluate system performance for seismic events 

selected by the water supply operator.   

 

 The selection of scenario earthquakes follows the approach proposed by 

Chang, et al. (2000b) and Shinozuka, et al., (2003) in which a select number of 

scenario earthquakes are chosen to approximate the aggregated seismic hazard for a 

lifeline network.  The 59 scenario earthquakes were chosen from the USGS 2002 

dataset (USGS, 2005) as explained by Lee, et al. (2005) and Wang (2006) to include 

earthquakes that generate ground motion that may significantly affect water supply 

performance.  Each scenario earthquake is associated with a moment magnitude, Mw, 

and specific fault segments or background earthquake source areas identified by 

USGS (2005), and is assigned an annual frequency of occurrence.  The cumulative 

frequency of occurrence at a particular location is calculated for all 59 scenario 
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earthquakes by summing the annual frequencies of occurrence, starting with the 

highest or most severe seismic hazard, and plotting the cumulative annual frequency 

versus the seismic hazard. 

 

An annual frequency of occurrence, or seismic hazard, curve for spectral 

acceleration with 5% damping at T = 1 sec, SA1, was developed from the 59 scenario 

earthquakes for bedrock motion at 56 sites throughout the LADWP system (Wang, 

2006), and adjusted to match that of the USGS 2002 dataset at each of the 56 sites by a 

multivariate, nonlinear optimization process. The 59 annual occurrence frequencies for 

the 59 scenario earthquakes are the optimized variables in this matching process. 

Following the procedure proposed by Chang, et al. (2000b), the annual frequencies for 

the 59 scenarios are adjusted to match better those of the full earthquake event set 

compiled by USGS through the optimization process. The hazard curve for 

representing the entire LADWP system is selected by minimizing an error function for 

the sum of the differences between the system hazard curve and USGS 2002 dataset at 

each of the 56 control points. The error function is measured at 50 points with equal 

weights, and 6 control points at critical reservoirs and pump stations for which there is 

a six-fold increase in the weighting to underscore the importance of these facilities.  

 

3.3.2 Transient Ground Deformation 

 

 For each of the 59 scenario earthquakes, the peak ground acceleration (PGA), 

PGV, and spectral acceleration with 5% damping at T = 0.2 sec (SA0.2), and T = 1 sec 

(SA1) at equivalent rock sites, respectively, are generated at 572 points in a grid with 

uniform separation of points and interval of 0.03° longitude and latitude covering the 

LADWP water supply system.  Four attenuation relationships (i.e., Abrahamson and 
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Silva, 1997; Boore et al., 1997; Sadigh et al., 1997; and Campbell and Bozorgnia, 

2003) with equal weights are used to calculate the ground motion parameters, and 

those parameters corresponding to the mean plus inter-event standard deviation are 

used in the analyses.  The inter-event standard deviation helps to account for 

uncertainty in the earthquake source and magnitude.  Mean values are used from the 

attenuation relationships because seismic wave motion throughout the entire LADWP 

system should reflect average values associated with seismic path and rock site 

conditions.  In all cases, PGV is estimated from SA1 using the conversion equation in 

HAZUS (FEMA, 1999) as: 

 

                                                         (3.1) 

 

in which, Vp is PGV in units of m/sec, and SA1 is in units of g.   

 

Site response is accounted for by using the GIS site-condition map for the Los 

Angeles region (Wills et al., 2000) to determine the NEHRP site condition coefficients 

(FEMA, 2003), which are multiplied with the strong motion parameters for equivalent 

rock sites to obtain the surface strong motion parameters at the 572 grid points 

throughout the LADWP system.  Ground motion contour surfaces are generated from 

the grid values using local polynomial interpolation procedures in the GIS (Wang, 

2006).  As an example, Figure 3.3 shows PGV contour surfaces developed for a 

Mw6.9 Verdugo scenario earthquake, and Figure 3.4 shows the PGV contours 

corrected for site conditions.  Comparison of the two figures shows site amplification 

effects, especially southwest of the Verdugo Fault. 
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Figure 3.3  PGV Contour Surface for Mean + σinter-event PGV for Verdugo Scenario 

Earthquake at Rock Site Conditions (Wang, 2006) 
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Figure 3.4  PGV Contour Surface for Mean + σinter-event PGV for Verdugo Scenario 

Earthquake after Site Condition Corrections (Wang, 2006) 
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3.3.3 Permanent Ground Deformation 

 

The approach currently adopted for the LADWP system is to evaluate PGD 

hazards and their effects on pipeline and facility performance on a scenario-by-

scenario basis, utilizing local expertise and the most appropriate geotechnical 

characterization and soil-structure interaction analytical procedures.  Methods for 

estimating PGD triggered by earthquakes and their effects on underground pipelines 

have been proposed (ASCE, 1984; O’Rourke, 1998; O’Rourke and Liu, 1999; 

Honegger and Nyman, 2004; Bardet, et al., 1999a, 1999b) and applied on a variety of 

lifeline projects to evaluate the seismic performance of oil, gas, and water supply 

systems.  Many of these methods are directly applicable for evaluating the seismic 

performance of water supplies.  Some, like the models proposed by Bardet, et al. 

(1999a, 1999b), are especially attractive because they can be readily adapted to large, 

geographically distributed systems through GIS.   

 

3.4 System Damage 

 

The system damage module determines the locations and flow loss 

characteristics of pipeline damage, post-earthquake flows at demand nodes, and the 

hydraulic functionality of damaged facilities other than pipelines.  Each of these 

processes is described in the subheadings that follow. 

 

3.4.1 Pipeline Damage 

 

Pipeline damage is estimated with the aid of regressions developed from 

previous earthquake records that correlate pipeline repair rate, RR, defined as the 
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number of repairs per km, with PGV.  Investigations have shown that the most 

statistically significant regressions for seismic damage to underground pipelines are 

those involving PGV (Toprak, 1999; Jeon, 2002).  Figures 3.5 and 3.6 show the 

regressions developed from post-earthquake repair records and strong motion 

recordings for water distribution pipelines developed by Jeon and O’Rourke (2005) 

and for water trunk pipelines developed by O’Rourke, et al. (2004) and Wang (2006), 

respectively. 

 

To generate the locations of seismic pipeline damage probabilistically, it is 

assumed damage follows a Poisson process with each pipe segment having a 

probability of failure given by: 

 

( ) nLRR
n eFP −−= 1)(                                                     (3.2)  

 

in which P(F)n is the probability of failure of pipe n, and Ln is the length of pipe n. 

  

 Let Lk be the pipeline distance between the (k-1)th and kth locations of damage.  

The {L1, L2, ···, Lk, ···} set consists of independent, exponential random variables with 

a mean equal to 1/RR (Sheldon, 2000) and is generated using a Monte Carlo 

simulation algorithm given by: 

 

( )11ln
1

u
RR

Lk −−=                                                (3.3) 

 

where u1 is a random variable which is uniformly distributed between 0 and 1.  By 

generating the interarrival distance Lk repeatedly until the cumulative length exceeds 

he total pipe length, one is able to simulate the locations of earthquake damage.  Since  
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Figure 3.5  Regressions for RR vs. PGV for Steel (WSJ Steel Distr.), Cast Iron (CI), 

Ductile Iron (DI), and Asbestos Cement (AC) Distribution Pipelines (Jeon, 2002) 

 

Figure 3.6  Regressions for RR vs. PGV for (a) Cast Iron and Ductile Iron Trunk 

Lines, and (b) Concrete, Riveted Steel, and Steel Trunk Lines (Wang, 2006) 
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the spatial distribution of simulated damage is one of many possible outcomes, a 

Monte Carlo simulation is run to evaluate a number of damage scenarios sufficient to 

acquire reliable statistics about the mean system performance and its variability.  A 

minimum of 15 Monte Carlo simulations are performed and the mean and coefficient 

of variation (COV) of the system serviceability index (SSI) of the first 10 simulations 

is compared with that of 15 simulations.  If the variation is insignificant, i.e., the mean 

and COV of the SSI with the additional five simulations are both within ±0.02 

difference when compared with those without the additional five simulations, 

GIRAFFE concludes a sufficient number of Monte Carlo simulations has been 

performed such that representative simulation results are generated.  If the 

convergence criteria are not satisfied, GIRAFFE will perform an additional five 

simulations and re-evaluate the mean and COV results.  Users have the ability to set 

the mean and COV convergence criteria to values other than the default 0.02 setting.   

 

 Pipeline damage is classified as either a break or leak.  In HAZUS (NIBS, 

1997) it is recommended that 80% and 20% of earthquake damage occurs as leaks and 

breaks, respectively, under seismic wave effects.  These percentages are close to those 

used by Ballantyne et al. (1990) and Hwang et al. (1998), who assumed 85% and 15% 

leaks and breaks, respectively, for PGV-related damage to cast iron pipelines.  With 

GIRAFFE, users have the ability to set the percentages of leaks and breaks to values 

other than the default settings of 80% and 20%, respectively. 

 

3.4.2 Pipeline Break Simulation 

 

Figure 3.7a illustrates how pipeline breaks are modeled in GIRAFFE 

simulations.  The broken pipe is completely disconnected and divided into two 
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segments.  A fictitious pipe and reservoir are attached at each broken end of the pipe, 

simulating water flowing into the surrounding soil.  Check valves ensure that water 

only flows from the broken pipe into the reservoirs which are fixed at atmospheric 

pressure to simulate the broken pipe being open to the atmosphere.   

 

 

Figure 3.7  Simulation Models for a (a) Pipeline Break and (b) Leak 

 

3.4.3 Pipeline Leak Simulation 

 

Figure 3.7b shows the pipe leak model, with which leakage is simulated by a 

fictitious pipe open to the atmosphere, simulated as an empty reservoir with the same 

elevation as the leak location.  A check valve constrains flow from the leaking pipe in 

one direction.  The roughness and minor loss coefficients of the fictitious pipe are 

taken as infinite and 1, respectively, such that all energy loss from the leak is related to 

the minor loss. 

 

 Using Borda’s formulations for a sudden expansion in flow cross-sectional 

area (e.g., Jeppson, 1976), Shi (2006) shows that the hydraulic head loss, p1/γw, 

associated with leakage can be approximated by  
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in which p1 is the internal pressure in the pipe, γw is the unit weight of water, g is 

gravitational acceleration, A1 is the leak orifice area, and Q is the water flow rate.  

Equation 3.1 requires a ratio of leak to pipe cross-sectional area less than 0.05 to be 

accurate within 10% of the valid theoretical head loss.  Re-arranging Equation 3.4 

results in  
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in which the flow discharge coefficient, CD, is defined as, 
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 To validate the above relationship, data from fire protection sprinkler tests 

(Puchovsky, 1999), covering a typical range of orifice areas, are plotted in Figure 3.8 

with respect to the theoretical discharge coefficients in Equation 3.8.  The theoretical 

and measured discharge coefficients compare favorably, and show that the measured 

values are on average about 10% lower than the theoretical predictions.   

 

The pipe leakage area, A1, is specified for each leak occurrence, and this is 

used to determine the diameter of the fictitious pipe and thus the amount of water 

leaking from the pipe.  Shi (2006) categorized leaks into five major types pertaining to 

joint pullout, round crack, longitudinal crack, local loss of pipe wall, and local tear of 

pipe wall,  and developed a set of empirical equations to estimate the leakage area 

based on leak type, pipe material and joint properties.  Table 3.1 shows Shi’s (2006) 
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estimated probability of occurrence for the five leak types in pipes of different 

materials.  GIRAFFE allows users the option of altering these values for simulation 

runs. 

Figure 3.8  Comparison Between Model Predictions and Sprinkler Data (Shi, 2006) 

 
Table 3.1  Probability of Leak Types for Different Pipe Materials 

Pipe 
Material 

Type 1         
Joint 

Pullout 

Type 2    
Round 
Crack 

Type 3                
Longitudinal 

Crack 

Type 4                       
Local Loss of 

Pipe Wall 

Type 5                      
Local Tear 

of Pipe Wall 
Cast Iron 0.3 0.5 0.1 0.1 N/A1 

Ductile Iron 0.8 N/A1 0.1 0.1 N/A1 
Riveted 

Steel 
0.6 N/A1 0.3 0.1 N/A1 

Welded 
Steel 

N/A1 N/A1 N/A1 N/A1 1.0 

Jointed 
Concrete 

1.0 N/A1 N/A1 N/A1 N/A1 

1: Not Applicable 
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3.4.4 Post-earthquake Flows at Demand Nodes 

 

Most distribution pipelines (Dp < 600 mm) are not explicitly modeled in a 

GIRAFFE hydraulic network, but are accounted for by aggregating them into demand 

nodes in the system.  Each demand node represents a part of a local distribution 

system.  To simulate damage to the distribution network, Shi (2006) developed 

demand fragility curves that relate local distribution line damage (measured in repair 

rate, i.e. number of repairs per kilometer) and the increase in nodal demand.   

 

The fragility curves were developed on the basis of Monte Carlo simulations of 

flow in damaged local distribution networks in the LADWP system.  The local 

distribution networks are shown in Figure 3.9 and were selected as representative of 

different network topologies, pressure levels, and geographic areas.  Each local 

distribution network contains both trunk and distribution pipelines.  In the Monte 

Carlo simulations, trunk lines were kept undamaged and their flows were monitored 

before and after distribution line damage occurred.  Several locations in the trunk lines 

were sampled for each system, and the ratios of flow before and after damage were 

calculated to obtain the ratio of demand after to demand before damage, which is 

referred to as normalized demand, ND.  Linear regression analyses were performed on 

the results of the Monte Carlo simulations to develop fragility curves relating ND with 

RR.   

 

As explained by Shi (2006), the mean slopes and intercepts for these linear 

regressions at 26 trunk line locations in 5 distribution systems were evaluated by linear 

regressions against the mean pressure, p, of the distribution system with an error term 

modeled as a Gaussian random variable.  The confidence intervals of the linear 
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regression parameters were determined using conventional statistical methods (e.g., 

Ronald, et al., 1998).  The resulting linear regressions follow the following 

formulation: 

 

RRpmpcND )()( +=                                              (3.7) 

 

in which c(p) and m(p) are the intercept and slope of the regression.  Since RR is 

correlated with PGV, ND can be assessed from simulated strong motions generated for 

the scenario earthquakes.   

 

Shi (2006) compared the confidence intervals predicting ND derived from 

analysis of 5 local distribution systems (labeled in Figure 3.7 as 1449, 1000, 579, 448 

& 462, and 426) with linear regressions of ND vs. RR for a sixth local distribution 

system (labeled 205 in Figure 3.9) and showed that all the new regression were within 

the 90% confidence level.  As an example, Figure 3.10 shows the linear regressions 

for local distribution network 426 relative to the mean, 68%, and 90% confidence 

intervals of the predictive model.  The local distribution network regressions for 

system 426 fall mostly between the mean and 68% confidence limits.  The 90% 

confidence limit sets an upper bound on the regressed data from all six distribution 

systems, and is used in system simulations for predicting local distribution 

performance. 

 

   The fragility relationships between ND and RR were developed for winter 

demand conditions, which must be adjusted for summer demand.  Appendix A 

provides a simplified method for adjusting the fragility relationships to reflect 

alternative demand states.   
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Figure 3.9  Locations of LADWP Local Distribution Systems Used to Develop 

Fragility Curves for Demand Nodes (Shi, 2006) 
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Figure 3.10  Fragility Curves Comparing Simulated and Observed Results for Repair 

Rate vs. Normalized Demand (Shi, 2006) 

 

3.4.5 Facility Damage 

 

Fragility curves are developed from the observed earthquake performance of 

facilities such as tanks, reservoirs, regulation stations, chlorination stations, special 

valves, and fittings.  The fragility curves for tanks, for example, were developed for 

the different types of aboveground tanks used by LADWP: steel, unanchored concrete, 

and anchored concrete.  Two damage states are defined pertaining to 1) relatively 

minor to moderate damage for which the tank remains functional for at least 24 hours 

after an earthquake, and 2) severe damage for which the tank is non-functional for 24 

hours after an earthquake.  The functional damage state corresponds to damage states 

1, 2 and 3 as defined in HAZUS (FEMA, 2006), and the non-functional damage state 

corresponds to HAZUS damage states 4 and 5.   
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    (a) Steel Tanks (O’Rourke and So, 2000)           (b) Steel and Concrete Tanks  

Figure 3.11  Fragility Curves for Water Tanks 

 

For steel tanks, the fragility curve proposed by O’Rourke and So (2000) is 

used.  This curve was developed by reviewing the records of seismic performance for 

400 tanks in 9 separate earthquake events, and classifying them according to HAZUS 

damage states.  Figure 3.11a shows the probability of tank damage as a function of 

PGA, which was developed by a lognormal fit to the data for all tanks with damage 

equal to or exceeding HAZUS damage state 4.  Also, shown in the plot are the 90% 

confidence bounds and pseudo r2 of the data. 

 

HAZUS fragility curves for unanchored and anchored concrete tanks are used, 

corresponding approximately to pre- and post-1950 constructions.  Figure 3.11b shows 

the fragility curves used in GIRAFFE for steel and concrete tanks.  HAZUS fragility 

curves for unanchored and anchored tanks are plotted with the curve proposed by 

O’Rourke and So (2000) for steel tanks. 

 

During a GIRAFFE simulation, a random number is generated between 0 and 1 

and compared with the probability of tank failure. If the random number is less than 
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the probability of tank failure, the tank is considered damaged and non-functional for 

the first 24 hours after the seismic event.     

 

3.5 Hydraulic Network Analysis 

 

As shown in the GIRAFFE simulation flow chart in Figure 3.2, once a system 

is damaged, it is passed to the EPANET hydraulic engine for analysis.  EPANET will 

send error messages back to GIRAFFE if there are components that are disconnected 

from the main system (due to pipe breaks) preventing EPANET from running a 

successful analysis.  GIRAFFE will remove components isolated by damage and no 

longer connected hydraulically, and send the modified system back to EPANET for 

analysis.  Once the isolated components are removed, GIRAFFE will parse the 

EPANET results and identify the lowest nodal pressure in the system.  If the lowest 

pressure is below the user defined minimum pressure tolerance, GIRAFFE eliminates 

the node as well as the links and operational parameters associated with that node.  

EPANET runs another hydraulic analysis on this newly modified system, and 

GIRAFFE performs another check on the lowest pressure.  This process continues 

until there is no pressure lower than the minimum pressure limit defined for the 

simulation, and hydraulic analysis is complete. 

 

The GIRAFFE modeling approach transforms a damage state into an 

operational state by removing all pipelines that do not satisfy a minimum pressure 

tolerance, thus removing unreliable portions of the system to display the remaining 

part of the network that meets threshold serviceability requirements for minimum 

pressure tolerance.  The resulting operational network provides valuable information 
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to operators and decision makers regarding what portions of the network are 

operational, vulnerable areas of the network, and mitigation strategies. 

 

3.6 Compilation of Results 

 

The final module compiles the results of the hydraulic analysis in a tabular 

format that can be imported into a Geographic Information System (GIS) for 

visualization and manipulation.  Hydraulic analysis results are given for the five 

system components: pipelines, pumps, valves, nodes, and tanks (reservoirs are treated 

as tanks with fixed grade).  Flows and pressures are reported for pipes, valves and 

pumps.  Demands, pressures, and grades are reported for tanks and nodes.  For a 

deterministic simulation, the results for the five components are reported for each time 

step of the analysis.  For a probabilistic simulation, the results for the five system 

components are reported for each time step for all Monte Carlo simulation runs 

performed.   

 

An index for measuring the seismic serviceability of the damaged water supply 

system is also reported at the end of a simulation.  The system serviceability index 

(SSI) is the ratio of all post-earthquake demands to pre-earthquake demands in the 

system, and is defined as: 
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where Qi is the customer demand at node i, ni0 and ni are the number of satisfied 

customer demands before and after imposing system damage.  The serviceability can 

be calculated for each demand node, for the entire system, or for any subset of the 
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system.  In a probabilistic simulation, the serviceability is reported for each Monte 

Carlo simulation run.   

 

3.7 Economic and Social Consequences 

 

As previously discussed, it is the post-event consequences that involve the 

greatest amount of interaction among system operators, external organizations, and the 

community receiving service.  An area of great opportunity therefore is the use of the 

DSS to address the economic and social consequences of water supply performance.  

Output from water system simulations in terms of serviceability over time provide 

input for further simulations and decision making in relation to emergency response, 

system restoration, regional economic effects, and community impact.  Quantification 

and visualization of the spatial variability of water supply serviceability through GIS 

provides the link between water supply performance and the geographic distribution of 

businesses, demographic characteristics, and interaction with other lifelines systems.  

  

Researchers have been investigating the economic and social consequences of 

water supply disruption, and have been developing models for time dependent 

restoration.  For example, Rose has evaluated the regional economic consequences of 

earthquakes, regulatory failures, and terrorist attacks utilizing information on water 

supply disruption in conjunction with computable general equilibrium (CGE) model of 

Los Angeles County (Rose 2006, Rose and Liao 2005).  Davidson has evaluated the 

time and spatial distribution of post-earthquake electric power and water supply 

restoration using discrete event modeling (Cagnan et al. 2006, Cagnan and Davidson 

2007).  Chang, et al. (2008) have developed models linking lifeline system 

performance and community disaster resilience.  They explore methods for 
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considering socio-economic impacts in decision making and the appropriate seismic 

performance goals for utilities.  

 

3.8 Model Validation with Respect to the Northridge Earthquake 
   

The 1994 Northridge earthquake (Mw6.7) was selected for model calibration 

and validation.  The Northridge earthquake is familiar to current LADWP personnel.  

In addition to data recorded during the Northridge earthquake, many employees have 

personal knowledge and experience with system damage and operations following the 

event.  Damage caused by this earthquake has been assessed as over $40 billion 

(Eguchi, and Chung, 1995).  The earthquake is historically significant for the City of 

Los Angeles, and an appropriate scenario to benchmark decision support model 

simulation results with actual seismic performance. 

 

3.8.1 LADWP System Performance during Northridge Earthquake 

 

Data from LADWP and the Metropolitan Water District (MWD) shows 79 

locations of damage in trunk lines and 1,013 locations of damage in distribution lines 

(Shi, 2006).  Among the 79 trunk line damage locations, 67 occurred in LADWP trunk 

lines and 12 occurred in trunk lines owned and operated by the Metropolitan Water 

District (MWD).  MWD pipelines are embedded in the LADWP system and 

interconnections between the two systems are not normally open.  Under emergency 

situations, or times when LADWP needs to purchase supplemental water, these 

connections can be opened.  Five LADWP water storage tanks were also damaged 

(Brown, et al., 1995).  Figure 3.12 shows the LADWP water service area with the 

locations of trunk line and distribution line repairs, damaged tanks, and water
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Figure 3.12  LADWP Damaged Tanks, Trunk and Distribution Line Repairs, and 

Water Outage Areas after the Northridge Earthquake (Shi, 2006) 
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outage areas (Lund, et al., 2005) following the earthquake.     

 

3.8.2 LADWP Hydraulic Model for the Northridge Earthquake 

 

The GIRAFFE simulation model was built from a 2002 hydraulic network 

model used at LADWP.  Connections to the Upper and Lower Hollywood Reservoirs 

(5.4 M m3, 1.4 B gal), Encino Reservoir (14.8 M m3, 3.9 B gal) and Lower Stone 

Canyon Reservoir (13.6 M m3, 3.6 B gal) have since been closed, but were open at the 

time of the Northridge earthquake.  To simulate conditions in 1994, these reservoirs 

were included in the GIRAFFE hydraulic simulation model.  Moreover, pipelines and 

valve settings were changed in consultation with LADWP planning and operations 

personnel to replicate the 1994 system.   

 

3.8.3 Damage Simulation 

 

To simulate the response of the hydraulic network model, damage was added 

to system components and GIRAFFE was then used to perform hydraulic network 

analysis of the damaged system.  The damage simulation of the trunk lines, 

distribution system, tanks, and pump stations are described in the following sections. 

 

3.8.3.1 Trunk Line Damage 

 

Detailed descriptions of the LADWP trunk line damage are provided by Shi 

(2006).  For system analysis, breaks in the Granada and Rinaldi Trunk Lines, and 

multiple leaks in the northern half of the system were simulated.  Leaks occurring in 
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Figure 3.13  Location of Breaks, Leaks and Damaged Tanks used in Repeat 

Northridge Earthquake Simulation 

 

close proximity along the same pipeline were modeled as one leak with an 

appropriately increased leak orifice area.  Leaks or breaks situated immediately 

downstream of a pipe break had no effect on system flow and were not modeled.  Leak 

and break locations for the simulations are shown in Figure 3.13. 

 

A summary of all damage to the LADWP and MWD trunk lines in the 

LADWP service area is presented in Appendix B.  Damage locations attributed to 

TGD and PGD are identified. 

 

De Soto 
Reservoir 

Kittridge 
Tanks 
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3.8.3.2 Distribution System Damage 

 

As described previously, damage to the distribution system is not modeled as 

explicit breaks and leaks, but is simulated as an increase in nodal demands.  PGV 

recorded by 164 strong ground motion stations during the Northridge earthquake were 

used to generate pipeline RR, which were then applied to the fragility curves 

developed by Shi (2006) to determine increased nodal demands.  Previous research by 

Jeon and O’Rourke (2005) and discussions with LADWP personnel show that four 

regions in the northern half of the LADWP water system were subject to significant 

PGD-induced damage.  The actual RRs in these zones were determined from GIS data 

on distribution pipeline damage compiled by Jeon and O’Rourke (2005) and used with 

the distribution system fragility curves to find the nodal demands in the PGD zones.  

Figure 3.14 shows the four zones of PGD. 

 

3.8.3.3 Tank Damage 

 

Brown et al. (1995) summarize the performance of the 65 LADWP tanks (48 

welded or riveted steel and 17 reinforced concrete or prestressed concrete tanks) in 

service at the time of the Northridge earthquake.  Overall, tank performance was good, 

and only 5 tanks were damaged.  Modern tanks performed well, while all of the 

damaged tanks were constructed before 1950.  The damaged tanks are highlighted in 

pink in Figure 3.13.  The Coldwater and Beverly Glen Tanks were both riveted steel 

tanks with 9 million liter (2.3 million gal.) capacities.  Both suffered partial roof 

collapse and damage to the inlet/outlet lines.  The Topanga and Zelzah Tanks were 

both welded steel tanks with 0.9 million liter (230,000 gal.) and 3.8 million liter 
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Figure 3.14  Zones of PGD in the LADWP Water Supply System 

 

(1 million gal.) capacities, respectively.  Both tanks experienced damage to the tank 

inlet/outlet lines, and Zelzah also suffered a collapsed roof.  The 2.3 million liter 

(608,000 gal.) capacity, riveted steel Granada High Tank had extensive damage and 

was taken out of service following the earthquake and is not represented in the 

simulation model.  Since all tanks had pipe connection failures, the inlet and outlet 

lines for the 4 damaged tanks in the hydraulic model were disconnected in the 

simulation of post-earthquake performance. 
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3.8.3.4 Water-Power Interaction/Pump Station Damage  

 

The Northridge earthquake caused an immediate system-wide blackout for the 

LADWP electric power system, after which electricity was restored incrementally 

beginning 1 hour after the earthquake, and fully restored within 27 hours (Cağnan, 

2005).  To account for interaction between the water and electric power systems, 

pump stations that lost power during the Northridge earthquake were identified and 

reconfigured to emergency power loss status.  In the event of power loss, pump 

stations with secondary sources of power or back-up generators will continue to 

operate with a modified number of pumps.  Electric power outage data from the actual 

1994 Northridge earthquake were used to simulate the configuration of pumps for 

various time increments following the earthquake event.  It was found that using the 

configuration of pumps operating 2 hours following the earthquake for the entire 24 

hour simulation produced nearly identical results (differing by less than 1%) to an 

analysis where power was incrementally restored to pump stations at 2, 6, 12, 18 and 

24 hours.  Thus, the 2 hour configuration of operational pumps, shown in Figure 3.15, 

was used as an equivalent power state for the 24 hour simulation.   It should be noted 

that nearly 56% of the pump stations without power 2 hours after the earthquake had 

back up generators or internal combustion (IC) units that in some cases pumped more 

water than during normal operating conditions.  Van Norman Pump Station No. 2, one 

of the largest and most important pump stations in the LADWP water system, is 

located in the Van Norman Complex, where power was not restored until more than 

18 hours after the earthquake.  This pump station does not have back up generators, 

and was not in operation for nearly 24 hours after the earthquake.   
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Figure 3.15  Pump Station Operational Status 2 Hours after the Northridge Earthquake 

 

3.8.4 Comparison of Simulated and Observed Earthquake Performance 

 

A simulation of the 1994 Northridge earthquake effects on the LADWP system 

was conducted by representing trunk line breaks, distribution system damage through 

increased nodal demands, tank damage, and pump station interruptions from electric 
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power losses, as previously described.  In addition, the loss of flow from the LAAs 

was accounted for.  Although damaged, the Los Angeles Aqueduct 1 (LAA1) was able 

to operate at very low flow for approximately 1 week after the earthquake to allow for 

repairs to Los Angeles Aqueduct 2 (LAA2).  LAA2 was out of service for repairs in 

the first week following the earthquake, and then placed in service while LAA1 was 

shut down for repairs.  Both LAA1 and LAA2 were shutdown for 3 weeks, beginning 

in the last week of February, to allow for repairs to be made to the open channel (Lund 

and Cooper, 1995).  The effects of the lost aqueduct flows were modeled by closing 

the flow of water from the Los Angeles Filtration Plant, where the LAA1 and LAA2 

provide water to the LADWP hydraulic network model.  The simulation was run for 

24 hours.  

 

Comparisons between simulated and observed performance are made on the 

basis of 1) system-wide functionality, 2) geographic distribution of lost service, and 3) 

flow measurements at key locations in the system.  Each basis for comparison is 

discussed under the subheadings that follow. 

 

3.8.4.1 System - wide Functionality 

 

The system serviceability index, SSI, is defined as the percentage of total flow 

available at all demand locations (nodes) at some time after the earthquake to the total 

flow before the earthquake.  The model simulations show SSI = 71.6% at 24 hours 

after the earthquake, which means that 28.4% of the system was without significant 

water service.  This measure of system serviceability agrees well with the LADWP 

estimates.   
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3.8.4.2 Geographic Distribution of Lost Service 

 

Figure 3.16 compares the simulation results for 24 hours after the earthquake 

with the areas of water outage, or lost service, during the first day and for 2 to 7 days 

after the earthquake.  The area in Figure 3.16a is the San Fernando Valley, which is 

the epicentral area for the earthquake and the region in which the great majority of lost 

service was documented.  The turquoise colored pipelines are those with flow 

insufficient for reliable service.  The areas of recorded outage compare favorably with 

the geographic coverage of pipelines that have flows insufficient for reliable service, 

thereby showing that the model accounts well for the geographic dispersion of lost 

water service.  The median SSI 24 hours after the earthquake is 71.8%, which falls 

within LADWP estimates of 70-75% serviceability 24 hours after the actual 

Northridge earthquake (Adams, 2008).  The LADWP water outage zones contain 70-

80% of the unsatisfied demand nodes for the simulation. 

 
In the map of the LADWP system in Figure 3.16b there is a zone of turquoise 

pipelines near the center of the system in the Santa Monica Mountains.  These 

pipelines are located at high elevations where automatic controls in the local pump 

stations are not modeled in sufficient detail to replicate the actual pressure levels in the 

pipes.  Under these conditions, the hydraulic network model defaults to a conservative 

estimate of low pressure and corresponding loss in local serviceability.  These zones 

represent less than 2% of the demand nodes in the system.  Hence, the model is biased 

to conservative results at high elevations that has only a small effect on system 

serviceability.  The modeling procedures for pumps and storage tank performance at 

higher elevations are discussed in Appendix C.  
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It should be noted that the Kittridge Tanks and DeSoto Reservoir were 

depleted shortly after the earthquake.  The broken portion of the Granada Trunk Line 

prevented the replenishing of the Kittridge Tanks in the western San Fernando Valley.   

The breaks in the Rinaldi Trunk Line cut off the water supply to the De Soto Reservoir 

in the northern San Fernando Valley.  The GIRAFFE simulation appropriately 

captured this behavior, showing the Kittridge Tanks and De Soto Reservoir were 

depleted within 2 hours after the earthquake. 

      (a) San Fernando Valley           (b) LADWP System 
 

Figure 3.16  Comparison of Simulated Flows 24 Hours after the Earthquake with 

Zones of Documented Lost Service 
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3.8.4.3 Flow Measurements at Key Locations in the LADWP System 

 

To confirm that pre-earthquake flows simulated in the model are consistent 

with actual flows in the system, pre-earthquake simulated flows were determined at 

four key locations shown in Figure 3.17: Stone Canyon Inlet, Franklin Reservoir, 

Hollywood Inlet, and River Supply Conduit.  These flows were compared with typical 

ranges of flow provided by LADWP engineering staff.  At each location the simulated 

flow fell within the typical flow ranges for January, thus confirming the appropriate 

levels of flow from north to south in the system. 

 
LADWP monitors system performance at various locations using a 

Supervisory Control and Data Acquisition (SCADA) system.  Flow monitor records 

showing data before, during, and after the Northridge earthquake were obtained and 

reviewed by Shi (2006). Some of the data were not reliable due to earthquake damage 

and the loss of electric power at the SCADA stations.  Using the screening process 

described by Shi (2006) to remove unreliable data, five SCADA flow meter records 

were selected for comparison with the simulated flows: the LA Reservoir Outlet, 

Encino Reservoir outflow, Granada Trunk Line, Morella & Van Owen Regulator 

Station, and Astoria Pump Station, all of which are shown in Figure 3.17.   

 

Figure 3.18 compares the simulation and the recorded SCADA flows.  In 

general, the simulated flows compare favorably with the monitored flows at each 

location.  The pre-earthquake simulation closely follows measured flow variations 

before the earthquake.  Following the earthquake, flow from the LA Reservoir 

increased to nearly 20,000 l/s (317,000 gpm) due to water losses associated with 

damage to major trunk lines downstream.  Leaking sections of two large trunk lines 
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Figure 3.17  SCADA Flow Stations and Key Locations of Flow 

 

were isolated in the lower Van Norman Complex within 6 hours after the earthquake 

to curtail water losses (Adams, 2008), after which the monitored flow in the LA 

Reservoir Outlet dropped to a range of 10,000 to 12,500 l/s  (158,500 to 198,000 

gpm).  Two post-earthquake simulations were performed with one and two trunk lines 

isolated within 6 hours to set upper and lower limits on flow from the reservoir.  The 

flow associated with the isolation of two trunk lines compares favorably with the 

measurements.  
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Figure 3.18  Comparisons Between Simulation Results and Measured SCADA Flows 

Before and After the Northridge Earthquake 
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Simulated pre-earthquake flows from the Encino Reservoir fall within the 

range of measured flows.  Flow from the Encino Reservoir increased dramatically 

following the earthquake because it had to provide more water to the southern part of 

San Fernando Valley to compensate for the loss of water sources normally feeding the 

Valley from the north.   

 

The simulated pre-earthquake flows in the Granada Trunk Line (GTL) follow 

the daily fluctuations experienced in this part of the system.  The earthquake-induced 

rupture of the GTL results in zero simulated flow, which is identical with the actual 

loss of water in this pipeline.   

 

The simulated flow rate through the Morella & Van Owen Regulator Station 

prior to earthquake is 862 l/s (13,100 gpm), which is near the peak values of measured 

daily flows.  This automated regulation station is controlled by a series of operating 

rules based on nearby tank levels and node pressures that causes daily fluctuations in 

flow.  The hydraulic network model cannot account for this operating logic, explicitly, 

but instead makes an approximation of system behavior over the simulation time 

period.  Also shown in Figure 3.18 are the simulated flow rates at the Astoria Pump 

Station, which vary between 50 and 265 l/s (790 to 4,200 gpm), before the earthquake.  

Again, hydraulic network modeling limitations do not allow simulation of all cycles of 

daily flow, but the model is able to capture about half of them.  Both the simulated and 

measured flows drop to zero after the earthquake. 

 

In general, the GIRAFFE simulation compares favorably with the major 

features of the observed response of the LADWP system during the 1994 Northridge 

earthquake.   
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3.9 Conclusions 
 

A DSS has been developed for LADWP to plan operations, emergency 

response, and new system facilities and configurations to optimize water supply 

performance during and after earthquakes. The system is generic, and the architecture 

of its computer programs is adaptable to any water supply. The system works with a 

special program for damaged network flow modeling, known as Graphical Iterative 

Response Analysis for Flow Following Earthquakes (GIRAFFE).  It simulates all 

11,633 km (7,228 mi.) of water trunk and distribution pipelines and related facilities 

(e.g., tanks, reservoirs, pressure regulation stations, pump stations, etc.) in the 

LADWP system, and accounts for the aggregated seismic hazard in Los Angeles 

through an ensemble of 59 scenario earthquakes. The simulations are dynamic in time, 

and can account for loss of service as tanks and local reservoirs lose water over time 

through leaks and breaks in pipelines. 

  

 Specific model improvements were accomplished as part of this work.  The 

model was upgraded to represent the LADWP system in 2007.  The DSS now contains 

models for the LADWP system in 2002 and 2007.   Modifications to the 2002 model 

can be implemented to represent system performance in 1994, thereby providing an 

appropriate basis for simulations of water supply response to the 1994 Northridge 

earthquake.   

 

 Additional model improvements include the ability to model the time 

dependent response of the system in a more robust manner, by enabling the levels of 

tanks and reservoirs to vary during a simulation.  These refinements in the dynamic 

capability of the simulations require the appropriate selection of simulation time 



 

87 

increment.  To select properly, it is necessary to consider the smallest operational time 

increment for system functionality, which generally depends on the capacity of key 

storage facilities.  The model was also updated with the ability to include all sources 

of earthquake damage and disruption including the loss of the Los Angeles Aqueducts, 

loss of electric power, PGD and TGD effects in trunk and distribution pipelines, and 

fragility curves to probabilistically represent damage to facilities such as tanks, 

reservoirs, regulation stations, and pumps. 

 

 The hydraulic network model was validated through comparison of model 

results for the effects of the 1994 Northridge earthquake with the actual areas of lost 

water service and pre- and post-earthquake measurements of flow documented by 

LADWP.  There is very good agreement between model results and LADWP records 

with respect to system-wide serviceability (28% water outage over the entire system), 

geographic distribution of lost service, and pre- and post-earthquake flows over time at 

key locations.  
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CHAPTER 4 

 

PARAMETRIC STUDY OF WATER SUPPLY RESPONSE TO 

EARTHQUAKES  

 

 

4.1 Introduction 

 

A decision support system (DSS) for the seismic performance of water 

supplies has been developed, as described in Chapter 3.  Details about the 

development and evaluation of the hydraulic network model embodied in the DSS 

GIRAFFE are provided by Wang (2006), Shi (2006), Shi et al. (2006), and Wang and 

O’Rourke (2007). 

 

 The purpose of this chapter is to use the LADWP hydraulic network model to 

study the sensitivity of system response to various parameters.  Foremost among these 

parameters are time and size of the model.  Other important parameters include the 

effects of permanent ground deformation (PGD) and seismic wave interaction, 

referred to herein as transient ground deformation (TGD), as well as minimum 

negative pressure tolerance, the percentages of pipeline breaks and leak associated 

with earthquake damage, and the characterization of leakage in damage underground 

pipelines. 
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4.2 Scale and Time in System Modeling 
 

The post-earthquake performance of a water supply system is time-dependent.  

Losses from ruptured and leaking pipelines will reduce water levels in the tanks and 

reservoirs, thereby reducing pressure and flow within the system.  Tanks and 

reservoirs with limited storage capacity will run dry if measures are not taken to 

isolate broken and leaking pipelines by closing off areas of severe damage from other 

portions of the network.  It is not possible to isolate damaged pipelines after an 

earthquake until crews have inspected the system, identified areas of serious water 

losses, and undertaken measures to close off leaking and ruptured lines.  During the 

time required for isolating damage, the serviceability of the system degrades.   

 

Of additional importance is the scale and level of detail incorporated in the 

model.  All models involve tradeoffs between system simplifications that reduce 

accuracy and the provision for system complexity that increases the cost and time of 

modeling.  Some of the most fundamental decisions include the size and number of 

pipelines that need to be modeled.  Previous hydraulic network models for simulating 

earthquake performance have focused on the larger, more important pipelines in the 

network, which are the trunk lines, and have represented the smaller distribution 

pipelines as demands for flow at various locations in the trunk line network (Khater 

and Waisman, 1999).  Damage to the trunk lines is modeled explicitly.  Because 

distribution demands remain constant, neither damage to the distribution lines nor 

post-earthquake changes in water usage are represented by this type of simulation.     
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4.2.1 Time Dependent Effects 

 

Post-earthquake water supply performance changes with time because water 

losses through leaking pipelines reduce storage levels in tanks and local reservoirs, 

thereby reducing hydraulic head and availability of water that drives flow and pressure 

throughout the system.  A time increment is selected for analysis, and the hydraulic 

heads and flows are calculated at the end of each time increment and used as input for 

the next.   

 

The effects of time increment can be illustrated by the interaction between the 

Los Angeles Filtration Plant, which receives and distributes water from the LAAs, and 

the Clearwell Tank (3.9 million gal., 14.8 million liter capacity).  A simplified 

schematic of the Filtration Plant and Clearwell Tank interaction is shown in Figure 

4.1.  A check valve between the two water storage facilities restricts flow in one 

direction, from the Filtration Plant to the Clearwell Tank.  In the first time step of a 

simulation (at 0 hours), the hydraulic head at Clearwell Tank is higher than that of the 

Filtration Plant, so no flow occurs between the two.  The analysis is performed 

assuming constant demands over the selected time step period, and tank volumes are 

updated at the end of each time step using the following equation, 

 

Dtvv i −=                                                   (4.1) 

 

where v is the tank volume after the time step, vi is the initial tank volume at the 

beginning of the time step, D is the demand rate on the tank (gpm), and t is the time 

step unit in hours.   
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For the example in Figure 4.1, if a six-hour simulation time step is selected, the 

Clearwell Tank goes dry after the second hour, but tank levels, pressures and hydraulic 

heads are not re-calculated until hour six.  The empty Clearwell Tank causes negative 

pressures that result in the removal of the tank and connecting pipelines.  This is not a 

realistic result because the Los Angeles Filtration Plant would supply water to the 

Clearwell Tank to keep it in service.  If a one-hour time step is selected for the same 

simulation, the Filtration Plant supplies water to the Clearwell Tank in the second hour 

of the analysis and many time steps thereafter, thereby preserving an important water 

source and modeling realistic system functionality.   

 

This example highlights the importance of selecting a time step that is less than 

or equal to the smallest operational time increment for system functionality.  The 

selection of this time interval will generally depend on the capacity of key storage 

facilities.  For the LADWP system, the storage capacities under earthquake flow 

conditions of the Clearwell, as well as several other tanks in the network, were less 

than two hours, and a one-hour time step was used to account appropriately for system 

behavior. 
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Figure 4.1  Simplified Schematic for Interaction Between Los Angeles Filtration Plant 

and Clearwell Tank 

 

4.2.2 Number and Size of Pipelines 

 

As the size of pipelines in the model decreases, the number of pipelines that 

need to be simulated increases, thereby increasing the time and cost of modeling.  

Relatively small diameter pipelines comprise the largest percentage of pipelines in a 

water supply.  According to statistics compiled in 2000, 88% of the pipelines in the 

LADWP water supply system (Jeon, 2002) and 82% of pipelines in the NYC water 

system (Chapin, 2001) have diameters less than 400 mm (16 in.).  (Figure D.1 in 

Appendix D shows the composition of pipeline diameters for the NYC and LADWP 

water systems.)  Expertly modeling pipelines with diameters less than 400 mm (16 

in.), which populate the distribution systems, would involve the construction of 

hydraulic network models for 82-88% of the pipelines, or on average 8,000 km (4,971 

mi.) of pipelines for each of the Los Angeles and NYC systems. 
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The approach followed in this work is to represent the local distribution 

networks as demand nodes and to adjust the demand at these nodes using fragility 

curves to reflect the level of earthquake damage within the local distribution networks.  

Not accounting for distribution pipeline damage results in a static or constant demand 

at each node, whereas damage increases the demand thereby placing greater stress on 

the overall system.   

 

A hydraulic network model was created to represent the LADWP system 

during the 1994 Northridge earthquake.  As explained in Chapter 3, the model 

included the effects of the electric power loss to pump stations, the closing of the 

Haskell Trunk Line approximately 6 hours after the earthquake, and severe damage to 

5 tanks in the southern San Fernando Valley.  The model accounts implicitly for 

earthquake damage to distribution pipelines through fragility curves that relate local 

distribution line damage, measured in repair rate, (i.e. the number of repairs per 

kilometer of pipeline, correlated with PGV and PGD), and the increase in nodal 

demand.  The importance of modeling distribution system response can be assessed by 

changing the distribution system demand and determining how the system 

serviceability changes as a function of demand, both immediately after the earthquake 

and 24 hours later. 

 

To determine the importance of distribution system demand, simulations were 

performed with the LADWP hydraulic network model, including all sources of 

Northridge earthquake damage, and the only variable changed was the pre-earthquake 

demand scenario.  Five cases were simulated using a baseline winter demand, 50% of 

winter demand, typical summer demand, and 150% and 200% of summer demand.  

The results in Figure 4.2 show SSI versus relative demand (the ratio of the demand 
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used in the simulation to the baseline winter demand) for 24 hours after the 

earthquake, and are shown as red triangles fit with a 3rd degree polynomial regression 

line.  The typical summer demand is 233% of the winter demand.  The results indicate 

that relative demand has a significant effect on system serviceability.  The effect is 

relatively small at relative demands of 0.5 to 1, but increases as relative demand 

increases from approximately 1.5 to 4.7.   

 

To evaluate the importance of modeling damage to distribution pipelines, an 

additional five simulations were performed for the same demand scenarios for all 

sources of Northridge earthquake damage, except distribution system damage.  As 

explained in Chapter 3, distribution system damage will increase demands.  Instead of 

increasing demands, the demands remained static, thus representing a case of no 

change and no damage in the distribution system.  The results of these simulations are 

shown as blue diamonds in Figure 4.2 and fit with a 3rd degree polynomial regression 

line.  There is a significant difference between the two plots with the simulation of 

earthquake damage producing a reduction in SSI of 15 to 30%.  The loss of 

serviceability becomes more intense as relative demand increases.  These results 

emphasize that modeling a system without increasing nodal demands (i.e. modeling 

damage to distribution pipelines) would be neglecting a parameter that has a 

significant influence on the system serviceability.    
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Figure 4.2  System Serviceability vs. Relative Demand for System Response 24 Hours 

after the Northridge Earthquake 

 

4.3 PGD vs. TGD Effects 

 

It is well recognized that PGD is one of the most pervasive causes of lifeline 

damage during earthquakes (O’Rourke, 1998).  Damage to buried pipelines caused  by 

liquefaction-induced PGD was responsible for loss of water to the central business 

district of San Francisco after the 1906 earthquake (O’Rourke, et al., 2006; Scawthorn, 

et al., 2006) and contributed to the loss of water in all 86 reservoirs supplying Kobe 

City after the 1995 Kobe earthquake (O’Rourke, 1996).  Given the severity of lifeline 

damage caused by PGD and its well-documented consequences after major 

earthquakes, significant emphasis has been placed on PGD effects in guidelines for the 
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seismic design of lifeline facilities (e.g., ASCE, 1984; O’Rourke and Liu, 1999; 

Honegger and Nyman, 2004). 

 

Seismic wave, or TGD effects, can also have serious consequences on lifeline 

system performance.  Although not as severe locally as PGD, TGD/wave propagation 

can disturb an entire network, damaging lifelines weak from corrosion or vulnerable to 

malfunction at joints.  Recent investigations focused on the 1994 Northridge 

earthquake effects on the Los Angeles water supply (Davis, et al., 2007) have shown 

that TGD was the source of serious system-wide effects. 

 

The hydraulic network model for the LADWP system provides an opportunity 

to evaluate in considerable detail how the Los Angeles water supply was affected by 

PGD and TGD during the 1994 Northridge earthquake.  As explained in Chapter 3 and 

Appendix B, earthquake damage to the LADWP trunk lines has been carefully 

documented with respect to PGD and TGD effects.  Moreover, zones of PGD effects 

triggered by the Northridge earthquake have been identified and records of distribution 

pipeline damage have been used to quantify the hydraulic effects of PGD on LADWP 

local distribution networks (Jeon and O’Rourke, 2005).  Hence, it is possible using the 

LADWP hydraulic network model to simulate system response to PGD and TGD 

effects independently of each other and to combine their effects to determine system 

serviceability.   

 

The contributions of PGD, TGD, and combined PGD and TGD damage on 

post-earthquake system performance were evaluated using the actual records of 

Northridge earthquake damage in the LADWP system as well as simulations of repeat 

Northridge earthquake scenarios of Mw6.5 and Mw7.0.  The actual earthquake damage 
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involves a deterministic analysis because the damage is knows explicitly, according to 

type and location.  The scenario earthquake damage involves a stochastic analysis 

wherein trunk line damage is generated through Monte Carlo simulations. 

 

4.3.1 Actual Northridge Earthquake Damage 

 

Figure 4.3 shows the locations of Northridge earthquake trunk line repairs that 

were explained in Chapter 3, and indentifies each location as PGD- or TGD-induced 

damage.  In total, 5 PGD-induced leaks, 2 PGD-induced breaks, 17 TGD-induced 

leaks, and 4 TGD-damaged tanks were included in the simulation.  Figure 4.3 also 

indicates the 4 zones of PGD where nodal demands are increased, as described in 

Chapter 3, to account for the likelihood of significant amounts of PGD-induced 

damage to distribution pipelines in these areas.  

 

Three simulations were performed for the LADWP hydraulic model for a 

winter demand scenario: PGD only, TGD only and combined PGD and TGD.   

Because damage to the trunk lines was applied explicitly, an earthquake scenario was 

only necessary for simulating damage to the distribution system via demand node 

increases.  The PGV data recorded by 164 strong ground motion stations during the 

1994 Northridge earthquake were used to estimate PGV values in all parts of the 

distribution system, and these PGVs were used with the fragility relationships 

described in Chapter 3 to determine the nodal demand increases for the hydraulic 

simulation. 

 

Figure 4.4 shows the results for the simulation performed with only the PGD- 
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Figure 4.3  Locations of Northridge Earthquake Damage and Zones of PGD 

 

induced damage 24 hours after the repeat Northridge earthquake scenario.  The PGD-

induced damage locations are shown as purple dots, pipelines with flow are dark blue, 

pipelines with no flow are turquoise, and pipelines that are not connected with the 

LADWP system (MWD pipelines or well lines, as explained in the previous chapter) 

are gray.  The SSI immediately after the earthquake was 97.6%, and 89.4% 24 hours 

after the earthquake.  The majority of loss of flow at 24 hours occurs in the western 

San Fernando Valley, due to pipeline breaks on the Rinaldi and Granada Trunk Lines.   

 

Figure 4.5 shows the results 24 hours after the Northridge earthquake for only 

the TGD-induced pipeline damage. The TGD-induced damage locations are shown as 

green dots.  The PGV contours created from the data recorded by the 164 
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Figure 4.4  PGD Only Simulation Results at 24 Hours for the Actual Northridge 

Earthquake Damage 
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strong ground motion stations are also shown in the figure.  The SSI immediately after 

the earthquake was 100%, and 24 hours later the SSI decreased to 75.0%.  A similar 

loss of flow is seen in Figure 4.4 and 4.5, but the TGD-induced damage shows more 

loss of flow in the northern and southern parts of the San Fernando Valley. 
 

Figure 4.6 shows the system performance 24 hours after the repeat Northridge 

earthquake simulation for the combined PGD- and TGD-induced pipeline damage. 

The median SSI immediately after the earthquake was 92.8%, and 24 hours after the 

earthquake the SSI was 74.6%.  Combining the PGD and TGD damage produces a 24 

hour SSI that is only 0.4% lower than that of the TGD damage only scenario.  In this 

deterministic scenario, PGD-induced damage does not have as significant of an effect 

on system performance as damage induced by TGD. 

 

4.3.2 Mw6.5 Scenario 

 

The individual contribution of PGD- and TGD-induced damage to system 

performance was also explored for the LADWP (2002) hydraulic model as subject to a 

Mw6.5 repeat Northridge earthquake scenario.  The results for the PGD only 

simulation are deterministic and the same as presented in Section 4.3.1. 
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Figure 4.5  TGD Pipeline Damage Locations and Pipeline Flow at 24 Hours for the 

Actual Northridge Earthquake Damage 
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Figure 4.6  PGD and TGD Pipeline Damage Locations and Pipeline Flow at 24 Hours 

for the Actual Northridge Earthquake Damage 
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To simulate a scenario with only TGD-induced damage, a Monte Carlo 

simulation was performed on the LADWP hydraulic network for winter demand and a 

Mw6.5 repeat Northridge earthquake.  In this scenario, the additional nodal demand 

increases for the 4 zones of PGD are also applied, as discussed in the previous section.  

GIRAFFE stochastically generates a different pattern of breaks and leaks for each of 

the 15 simulation runs, and the median case results are presented in Figure 4.7.  The 

TGD damage locations in pipes with diameters greater than 610 mm (24 in.) are 

shown as green dots.  The PGV contours associated with the Mw6.5 repeat Northridge 

earthquake scenario are also shown.  The median SSI immediately after the earthquake 

was 99.2%, and 24 hours later the median SSI was 79.4%.  Figure 4.8 shows the 

median system performance for the combined PGD and TGD Monte Carlo simulation, 

where the PGD- and TGD-induced damage locations (in pipelines with diameters 

larger than 610 mm) are indicated.  The median SSI immediately after the earthquake 

is 96.0%, and falls to 78.0% 24 hours later.   

 

Figure 4.9 shows a histogram of the SSIs for the TGD only and for the 

combined PGD and TGD simulations.  The Monte Carlo simulation convergence 

algorithm (explained in Chapter 3) resulted in 15 simulations for each case.   The SI 

statistics for 24 hours after the earthquake are summarized in this histogram by 

showing the number of Monte Carlo simulations resulting in a particular SI divided by 

the total number of simulations to provide an approximate probability index.  This 

histogram of “probability” allows comparison of performance outcomes for the TGD 

only and the combined PGD and TGD scenarios.  Again, there is only a very small 

difference in system serviceability 24 hours after the earthquake between the TGD 

only and combined PGD and TGD scenarios, indicating PGD-induced damage does 

not have as serious an effect on system performance as damage induced by TGD.   



 

105 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.7  TGD Pipeline Damage Locations and Pipeline Flow at 24 Hours for the 

TGD Only Mw6.5 Repeat Northridge Earthquake Scenario 
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Figure 4.8  PGD and TGD Pipeline Damage Locations and Pipeline Flow at 24 Hours 

for the Combined PGD & TGD Mw6.5 Repeat Northridge Earthquake Scenario 
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Figure 4.9  Histogram for TGD only and Combined PGD and TGD System 

Serviceability 24 Hours after a Mw6.5 Repeat Northridge Earthquake Scenario 

 

4.3.3 Mw7.0 Scenario 

 

The individual contribution of PGD- and TGD-induced damage to system 

performance was also explored for the LADWP hydraulic model when subject to a 

Mw7.0 repeat Northridge earthquake scenario.  As with the Mw6.5 scenario described 

in the previous section, a winter demand was used in the Monte Carlo simulation. The 

additional nodal demands were applied in the local distribution networks affected by 

for the 4 zones of PGD.  The results for the PGD only simulation are deterministic and 

the same as presented in Section 4.3.1.   
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The median case results 24 hours after the earthquake are presented in Figure 

4.10.  The TGD damage locations in pipes with diameters greater than 610 mm (24 

in.) are shown as green dots.  The PGV contours associated with the Mw7.0 repeat 

Northridge earthquake scenario are also shown.  The median SSI immediately after the 

earthquake was 98.4%, and 24 hours later the median SSI was 71.7%.  Figure 4.11 

shows the median system performance for the combined PGD and TGD Monte Carlo 

simulation, where the PGD- and TGD-induced damage locations in pipelines with 

diameters larger than 610 mm (24 in.) are indicated.  The median SSI immediately 

after the earthquake is 95.1%, and falls to 70.5% 24 hours later.   

 

Figure 4.12 shows a histogram of the SSIs for the TGD only and combined 

PGD and TGD simulations.  The Monte Carlo simulation convergence algorithm 

determined 15 simulations for the TGD only case, and 20 simulations for the 

combined PGD and TGD scenario.   As explained in the previous section, the 

histogram uses an approximate probability index, normalizing the frequency of 

simulations for a particular SI with the total number of Monte Carlo simulations for 

that scenario, allowing comparison of performance outcomes for the TGD only and 

combined PGD and TGD scenarios.  Again, there is only a very small difference in 

system serviceability 24 hours after the earthquake between the TGD only and 

combined PGD and TGD scenarios, indicating PGD-induced damage does not have as 

serious an affect on system performance as damage induced by TGD.  Comparing 

Figures 4.9 and 4.12, the results for the Mw7.0 scenarios have a wider spread of SSIs 

than the Mw6.5 scenario results.  Both the TGD only and combined PGD and TGD 

cases for the Mw6.5 produce SSIs within a range of 10%, between 75% and 85%.  The
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Figure 4.10  TGD Pipeline Damage Locations and Pipeline Flow at 24 Hours for the 

TGD Only Mw7.0 Repeat Northridge Earthquake Scenario 
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Figure 4.11  PGD and TGD Pipeline Damage Locations and Pipeline Flow at 24 

Hours for the Combined PGD and TGD Mw7.0 Repeat Northridge Earthquake 

Scenario 
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Figure 4.12  Histogram for TGD Only and Combined PGD and TGD System 

Serviceability 24 Hours after a Mw7.0 Repeat Northridge Earthquake Scenario 

 

TGD only case for the Mw7.0 scenario yields SSIs between 70 and 85%, and the 

combined PGD and TGD Mw7.0 scenario can produce SSIs as low as 60% up through 

80%.   

 

4.4 Parametric Studies 

 

In addition to PGD and TGD effects, there are several other factors that 

influence system behavior.  These factors include: minimum negative pressure 

tolerance, the percentage of breaks and leaks for the damage generated by GIRAFFE, 

leakage rates, and leak type probabilities.  The results of parametric studies for each 

are presented below.  The simulations leading to these results were conducted using 

the 2002 LADWP system for winter demand, -0.034 MPa (-5 psi) tolerance, and a 
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damage partition of 5% breaks and 95% leaks, unless one of these parameters was 

varied as part of the studies, as described under the subheadings that follow.   

 

4.4.1 Negative Pressure Tolerance 

 

As described in Chapter 3, the hydraulic network model eliminates portions of 

the pipeline network that can no longer function reliably due to earthquake damage.  

This process transforms a damage state into an operational state by removing all 

pipelines that do not satisfy a minimal pressure tolerance.  Normally, a water pipeline 

system can sustain some amount of vacuum or negative pressure.  The amount of 

sustainable negative pressure is relatively low and determined by vacuum release 

valves and locations in the system where there is atmospheric leakage.  When using 

GIRAFFE, one can specify a default pressure that determines the minimum 

sustainable pressure in the system.  Because there is uncertainty regarding the 

appropriate level of minimum pressure, a sensitivity analysis was performed to 

evaluate system serviceability under different minimum pressure settings for damage 

caused by the Northridge earthquake.   

 

Simulations were performed for minimum pressures of 0 MPa, -0.034 MPa (-5 

psi), and -0.069 MPa (-10 psi) and the results are shown in Figure 4.13.  At 24 hours 

after the earthquake, the median SSI for the 0 MPa, -0.034 MPa (-5 psi), and -0.069 

MPa (-10 psi) simulations were 78.4%, 79.6% and 78.9%, respectively.   The results 

are very similar, indicating that the selection of the minimum negative pressure 

tolerance for values between 0 and -0.069 MPa (-10 psi) does not have a large impact 

on system serviceability results (as long as the tolerance selected is within a realistic 

range).     
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Figure 4.13  Mean and Median SSI values at 0 and 24 Hours for 0 MPa, -0.034 MPa   

(-5 psi), and -0.069 (-10 psi) Minimum Negative Pressure Tolerance 

 

4.4.2 Percentage of Breaks vs. Leaks  

 

Each earthquake damage location is classified as either a break or a leak, 

according to pipe damage probabilities set by the user.  The GIRAFFE default 

probabilities are 5% for breaks and 95% for leaks, which is based on repair data from 

the 1994 Northridge earthquake.  Simulations were also performed for the case of 20% 

breaks and 80% leaks which is consistent with HAZUS (NIBS, 1997) 

recommendations, and for 0% breaks and 100% leaks, which represents an upper 

bound condition for leakage.  

 

The mean and median results for 0 and 24 hours following the earthquake are 
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Figure 4.14  Mean and Median SSI values at 0 and 24 Hours after the Earthquake for 

Various Breaks/Leaks Scenarios 

 

shown in Figure 4.14.  The default case of 5% breaks and 95% leaks produces a 

median 24 hours SSI of 79.6%.  The simulation with 20% breaks and 80% leaks yields 

a median 24 hours SSI of 73.2%.  The 100% leaks simulation yields a median 24 hour 

SSI of 80.1%.  A 15% increase in the proportion of breaks from 5 to 20% reduces 

system serviceability by about 6%.  

 

4.4.3 Leakage Rate 

 

The GIRAFFE program uses pipeline leakage rates based on curves developed 

by Shi (2006), shown in Figure 4.15, that relate leakage rate to pipe diameter for the 

types of leak associated with joint pullout, round crack, longitudinal crack, local loss 
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of pipe wall, and local tear of pipe wall.  Figure 4.15 also indicates the pipe materials 

associated with each type of leak: cast iron (CI), ductile iron (DI), riveted steel (RS), 

welded steel (WS), and jointed concrete cylinder pipe (JCCP).  These curves for 

leakage rates as a function of pipeline diameter were developed from well-known 

theoretical formulations for hydraulic head loss associated with leakage from an 

opening in the pipe wall (e.g., Jeppson, 1976)  and validated with respect to flow 

measurements for orifice openings obtained from full-scale tests of sprinkler systems 

(Shi, 2006).     

 

 Although the leakage rate formulations were verified relative to actual test 

measurements and applied systematically to various leak scenarios for different types 

of pipeline, the leakage rate curves proposed by Shi (2006) are nevertheless based on 

limited test data and observed leakage conditions in the field.  It is therefore desirable 

to evaluate the sensitivity of hydraulic network response to variations in the leakage 

rate curves to estimate how changes in flow rates related to uncertainty may affect 

system performance.  

 

 Simulations were performed in which flow rates associated with all types of 

leaks in Figure 4.15 were simultaneously increased and decreased by 50%.  The 

baseline case using default leakage rates in Figure 4.15 results in a median SSI of 

79.6% 24 hours after the earthquake.  A 50% increase in leakage rates yields a 24 

hours median SSI of 76.6%, and a 50% decrease in leakage rates produces a median 

SSI of 81.5%.  The results shown in Figure 4.16 indicate that system performance is 

not significantly affected by a 50% fluctuation in leakage rates.  The 50% fluctuations 

produce a change in SSI of 2-3% for the Northridge earthquake damage conditions.   
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Figure 4.15  Leakage Rate Curves for the 5 Leak Types (Shi, 2006) 

Figure 4.16  Mean and Median SSI values at 0 and 24 Hours after the Earthquake for 

50% Increase and Decrease in Leakage Rate 
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4.4.4 Leak Type Probability 

 

As explained in Chapter 3, weighted probabilities are assigned to the different 

types of leakage that may occur for a given type of pipe.  For example, cast iron 

pipelines are assigned probabilities of 0.3, 0.5, 0.1, and 0.1 related to joint pullout, 

round crack, longitudinal crack, and local loss of pipe wall, respectively (see Table 

3.1).  The weighted probabilities were assigned on the basis of field observations and 

the expert opinion of engineering staff familiar with pipeline field repairs.  It is 

desirable, therefore, to evaluate the sensitivity of hydraulic network simulation results 

to variation in the weighted probabilities to understand how uncertainties associated 

with this part of the leakage characterization can affect analytical outcomes.   

 

To explore the sensitivity of system performance to leak type probabilities, two 

simulations were performed where “worst-case” leaks were given 100% probability of 

occurrence.  The first simulation assumed a 100% probability for joint pullout and 0% 

probability for all other types of leaks for cast iron, ductile iron, riveted steel and 

jointed concrete pipes.  The second simulation assumed a 100% probability for 

longitudinal cracks and 0% probability for all other types of leaks for cast iron, ductile 

iron, riveted steel and jointed concrete pipes.  The default values for the welded steel 

pipes were not changed in either simulation, as local tear of pipe wall is the only crack 

likely to occur in these types of pipelines.   

 

Figure 4.17 shows the results from the simulations as compared to a baseline 

simulation performed using the default probabilities.  The median SSI 24 hours 

following the earthquake for 100% probability of joint pullout is 77.9%.  For the case 

of 100% probability of longitudinal crack the median 24 hours SSI is 76.1%.  The 
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Figure 4.17  Mean and Median SSI values at 0 and 24 Hours after the Earthquake for 

Various Leak Type Probabilities 

 

baseline case using the default leak probabilities yields a 24 hours SSI of 79.6%.  

These results indicate that system performance is not highly sensitive to a change in 

leak type probabilities.   

 

4.5 Conclusions 

 

Post-earthquake water supply performance is time-dependent because losses 

through leaking pipelines reduce tank and reservoir levels, thereby diminishing and in 

many instances cutting off pressure and flow in portions of the system.  It is important 

therefore to account for time-dependent performance by modeling post-earthquake 

response incrementally according to time intervals.  The minimum time step required 
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for modeling should be less than or equal to the smallest operational time increment 

needed for an accurate representation of system functionality, which will generally 

depend on the capacity of key storage facilities.  For the LADWP system, a minimum 

time increment of 1 hour was needed for reliable time-dependent simulations.  This 

interval is related to storage capacities of the Clearwell and several other tanks that 

have capacities that will run dry in less than 2 hours.   

 

 The most important factor affecting post-earthquake system performance is 

nodal demand.  Water supply simulations based on the 1994 Northridge earthquake 

effects show a nonlinear decrease in system serviceability as the demand from the 

distribution system increases.  The system serviceability 24 hours after the earthquake 

decreases from 71% for winter demand to 52% for summer demand, which is 

approximately 2.3 times higher than the winter demand.   The simulation results show 

a 38% decrease in system serviceability after 24 hours for a fourfold increase in 

demand from winter demand conditions.  The significant sensitivity of system 

performance to demand from the distribution system indicates that accounting for 

earthquake damage to distribution pipelines is important, especially when earthquake 

performance under elevated summer levels of demand is being evaluated. 

 

 Simulations were performed of post-earthquake water supply response after 24 

hours for the actual damage associated with the 1994 Northridge earthquake and 

damage simulated for a Mw6.5 and Mw7.0 Northridge repeat earthquake scenarios.  

They show that TGD effects had the most important effects on water supply 

performance, with a substantially greater impact than PGD effects.  TGD for the 

Northridge earthquake simulations was more pervasive than PGD damage, and 

affected major trunk lines important for substantial flows in the system. 
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 The parametric study shows that system serviceability was not significantly 

influenced by moderate changes in negative pressure tolerance.  Large changes in 

leakage rates, on the order of 100%, produced relatively small changes of 5% in 

system serviceability, whereas extreme changes in the weighted probabilities of 

leakage produced system serviceability changes of 3%.  Changes in the percentages of 

breaks and leaks resulted in some of the largest changes in system serviceability, but 

even here the drop in serviceability going from 0% to 20% trunk line breaks was only 

7%. 
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CHAPTER 5 

 

DE-AGGREGATION OF EARTHQUAKE EFFECTS ON WATER SUPPLY 

PERFORMANCE 

 

 
5.1 Introduction 
 

As explained in previous chapters, the hydraulic network model embodied in 

the DSS for the LADWP water supply accounts comprehensively for various sources 

of earthquake damage and disruption.  These sources include loss of the LAAs, 

damage to trunk and distribution pipelines from both PGD and TGD, loss of electric 

power affecting pump stations, and damage to facilities, such as tanks and reservoirs.  

Simulation of water supply response to the 1994 Northridge and Northridge repeat 

scenario earthquakes described in previous chapters account for the aggregate effects 

of all sources of seismic disruption.   

 

 Earthquake effects can also be de-aggregated, i.e. the water supply response 

can be simulated for one source of disruption at a time, or for any combination of 

sources.  By de-aggregating the damage, the most important sources of disruption with 

respect to lost system service can be determined, thereby identifying system 

vulnerabilities and providing a rational basis for system improvements.  De-

aggregating the effects of different sources of earthquake damage also allows for the 

selective aggregation of damage effects so that the nonlinear characteristics of system 

performance can be quantified as the damage sources are re-combined.   
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 Because the DSS is fully integrated with an advanced GIS, the damage in any 

part of the system can be evaluated, and the response of any part of the system to de-

aggregated sources of damage can be determined.  In this way, the geographical 

distribution of damage to multiple single or aggregated sources of damage can be 

assessed and visualized.   

 

 This chapter provides a description of the LADWP system model updated for 

2007 conditions.  The 15 different water service areas in the LADWP system are 

described, and used to show the geographic distribution of the water supply network 

behavior.  Hydraulic network simulations were performed for the actual sources of 

earthquake damage, and disruption during the 1994 Northridge earthquake.  The 

simulation results are summarized and discussed for de-aggregated source of damage 

associated with the loss of the LAAs, electric power outage, Northridge earthquake 

trunk line damage, and Northridge earthquake tank damage.  Simulation results for the 

combined effects of these damage parameters are also presented, as well as simulation 

results including all sources of Northridge earthquake damage. 

 

5.2 System Modeling 

 

The hydraulic network simulations were performed for the actual 1994 

Northridge earthquake damage and disruption of the water supply as described in 

Chapter 3 and Appendix B.  The Northridge earthquake damage was characterized 

from a systematic assessment of pipeline repairs, fragility performance, and post-

earthquake observations of system operability by Cornell researchers working in 

collaboration with LADWP personnel.  The sources of system damage include the loss 

of the LAAs, electric power outage, trunk and distribution pipeline damage due to 
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PGD and TGD, and tank damage, from which individual sources of damage and select 

combinations of sources were used in the simulations as described in Section 5.3.   

 

The 2002 LADWP hydraulic network model was updated to represent the 

configuration of the 2007 water system.  Figure 5.1 highlights the major changes made 

to the model.  Three major trunk lines were added: the Granada Trunk Line Relocation 

No. 2, the Sepulveda Feeder and the Magnolia-Burbank Trunk Line Extension.  Since 

the Northridge earthquake, restrictions on open water reservoirs caused 4 major 

reservoirs to be removed from service: Encino Reservoir, Upper and Lower 

Hollywood Reservoir, and Lower Stone Canyon.  This represents a loss of 3 x 106 m3 

water storage capacity.  The 37,850 m3 (38 x 106 liter, 10 million gallon) Rowena 

Tank, at the base of the River Supply Conduit, has since been put in service.  Working 

closely with LADWP engineers, some valve settings and pipe flow configurations 

were updated to represent current flow patterns.   

 

The system response was evaluated for 15 water service areas, shown in Figure 

5.2.  Water service areas are geographic groupings of pipelines, pumps, valves, tanks, 

reservoirs, and demands that can be analyzed individually.  From north to south the 

water service areas are: Granada Hills (GH), Foothills (FH), Sunland-Tujunga (ST), 

Valley Floor A, B and C (VF A, VF B, VF C), Encino Hills (EH), Santa Monica 

(SM), Hollywood Hills (HH), Mount Washington (MW), Highland Park (HP), Santa 

Ynez (SY), Westside (WS), Central City (CC), and Harbor (H).  The Valley Floor, 

Central City, and Westside water service areas serve the highest demands in the 

system, delivering water to the most densely populated San Fernando Valley, 

downtown Los Angeles, and western Los Angeles communities.  The remaining water 
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Figure 5.1  Modifications to 2002 LADWP Hydraulic Network to Produce 2007 

Hydraulic Network 
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service areas are situated at higher elevations in the mountains surrounding Los 

Angeles, except for the lower elevation Harbor water service area.  By showing the 

results for the 15 water service areas, one is able to understand the spatial variability 

of the system performance as expressed in terms of serviceability index (SI), which is 

the percentage of post-earthquake flows relative to pre-earthquake flows at all demand 

nodes within a water service area. 

 

5.3 De-Aggregation of Earthquake Effects 

 

In the following subsections, the de-aggregated water system performance 

effects are explored for three individual parameters: the loss of the LAAs, electric 

power outage, and Northridge earthquake trunk line damage.  Simulation results for 

the combined effects of these parameters and distribution system damage are also 

presented.     

 

5.3.1 System Performance Due to Los Angeles Aqueduct Outage 

 
Nearly 50% of the LADWP water supply is provided by the First and Second 

Los Angeles Aqueducts (LAA1 and LAA2), which transport water from the Sierra 

Nevada Mountains in northern California to the City of Los Angeles (Wang, 2006).  

As a result of the Northridge earthquake, LAA1 was damaged but able to operate at 

very low flow for approximately 1 week after the earthquake to allow for repairs to be 

made to LAA2.  Once repairs were made to LAA2, it was put back in service while 

LAA1 was repaired (Lund and Cooper, 1995).  In addition, seismic damage in the 

Metropolitan Water District (MWD) Foothill Feeder curtailed the availability of water 

from that agency.  Repairs made to LAA1 and LAA2 following Northridge were not 
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Figure 5.2  Water Service Areas in the LADWP System 

 

 



 

127 

sufficient to assure they would not be damaged in the event of a similar earthquake.  

Thus, in planning for a Northridge scenario earthquake, it is appropriate to assume 

disruption in LAA1 and LAA2 without inter-tie backup from MWD.   

 

Figure 5.3 presents the SIs for the 15 water service areas after 24 hours with 

the LAAs not contributing to the LADWP water supply.  The system SI after a 24 

hour simulation with the aqueducts closed is 83%. Comparatively, an analysis 

performed with the LAAs open produces a 24 hour system SI of 100% for all water 

service areas.  As shown in Figure 5.3, the water service areas most affected by the 

loss of the LAAs are the GH, FH and VF C areas in the upper San Fernando Valley.  

FH and VF C have SIs of 15% and 41%, respectively, while GH suffers a substantial 

decrease in SI to only 2%.   

Figure 5.3  Serviceability Index after 24 Hours for 15 Water Service Areas 

with Loss of Los Angeles Aqueducts and No Other Damage 
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5.3.2 System Performance Due to Electric Power Outage 

 

Figure 5.4 shows the de-aggregated results for the loss of electric power, which 

mainly affects the operation of pump stations.  In the event of power loss, pump 

stations with secondary sources of power or back up generators will continue to 

operate with a modified number of pumps.  Electric power outage data from the actual 

1994 Northridge earthquake were used to simulate the configuration of pumps for 

various time increments following the earthquake event.  It was found that using the 

configuration of pumps operating 2 hours following the earthquake for the entire 24 

hour simulation produced nearly identical results (differed by less than 1%) to an 

analysis where power was incrementally restored to pump stations at 2, 6, 12, 18 and 

24 hours.  Thus, the 2 hour configuration of operational pumps was used as an 

equivalent power state for the 24 hour simulation.  As shown in Figure 4, the system 

SI at 24 hours is nearly 93%.  The GH, ST and FH water service areas have the lowest 

SIs of 51%, 54% and 54%, respectively.  

 

The GH and FH water service areas are compromised in both this case and the 

parameter study with loss of the LAAs.  In the electric power outage case, the Van 

Norman Pump Station 2 loses power and does not have a back-up power source.  

Although water is available, this station is not functioning and cannot pump water to 

the upper San Fernando Valley, and other pump station losses in ST affect 

serviceability in that region.  When LAA1 and LAA2 are disrupted, water flow is 

curtailed to the upper San Fernando Valley.   This lack of water primarily affects the 

GH and FH water service areas which are also largely affected in the electric power 

outage scenario where water is available, but the means to distribute it is 

compromised.  
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Figure 5.4  Serviceability Index after 24 Hours for 15 Water Service Areas with 

Electric Power Loss and No Other Damage 

 

5.3.3 System Performance with Northridge Earthquake Trunk Line Damage 

 

Working closely with LADWP engineers and their records from the 

Northridge earthquake, a database of 82 trunk line damage locations was compiled.  

Of the 82 locations, 68 were within the LADWP hydraulic network model and were 

explicitly applied to the system.  Leaks that occurred in close proximity on the same 

trunk line were often modeled as one leak with an appropriately increased leak area.  

Leaks that occurred down stream of a break and thus had no effect on the system were 

not modeled.  This reduced the number of damage locations to 27, as shown in Figure 

5.5.  Brown, et al. (1995) reported severe damage to 5 tanks in the LADWP system, 4  
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Figure 5.5  Northridge Trunk Line Damage 

 

of which exist in the 2007 hydraulic model.  This damage was included by 

disconnecting the inlet and outlet lines for the tanks.   

 

Figure 5.6 represents the 24 hour de-aggregated results for Northridge 

earthquake trunk line damage.  The water service areas most affected are GH, FH and 

VFC with SIs of 29%, 72% and 41%, respectively.  Breaks in the Granada and Rinaldi 

Trunk Lines greatly reduced flow to the GH and VFC water service areas.  Major 

leaks along the Roscoe Trunk Line further reduced serviceability in VFC.  Leaks in 

the Van Norman Complex area and Van Norman Pump Station discharge line 

restricted flow to FH and GH.   
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The system performance for loss of the LAAs in Figure 5.3 shows similar loss 

of serviceability in the GH and VFC water service areas.  Without the aqueducts, a 

significant amount of flow is lost for the GH and VFC areas.  In this case, the main 

source of water is intact, but breaks on the Rinaldi and Granada Trunk Lines, and 

significant leaks on the Roscoe Trunk Line, produce a similar effect by limiting the 

movement of water.   

 

Figure 5.6  Serviceability Index after 24 Hours for 15 Water Service Areas with 

Northridge Trunk Line Damage and No Other Damage 

 

5.3.4 System Performance Due to Tank Damage 

 

Investigations of tank performance during the Northridge earthquake (Brown, 

et al., 1995) identified severe damage to 5 tanks in the LADWP system, 4 of which 
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exist in the 2007 hydraulic model: Zelzah, Topanga, Coldwater Canyon, and Beverly 

Glen Tanks (see Figure 5.6).  This damage was included by disconnecting the inlet 

and outlet lines for the tanks.   

 

 A hydraulic network analysis performed for tank damage with the LAAs on 

showed that system wide serviceability was 100%, indicating that this scenario of tank 

damage has no effect on system serviceability with the LAAs in service.  Results for a 

second 24-hour simulation with the tank damage and the LAAs out of service are 

shown in Figure 5.7.  Comparison of these results with those of the LAAs off results 

(Figure 5.3) shows that the 4 damaged tanks have a minimal effect on system 

performance.  The 24 hour SSI for the LAA off scenario was 83.1%, and drops 

slightly to 83.0% for the case with the LAAs off and the damaged tanks.  The SY 

water service area is the most affected, dropping from 100% SI after 24 hours with no 

tank damage, to 94.5% when tank damage is included.  As water is diverted in the 

system to cover the loss of tanks in the nearby service areas, the water supply to the 

SY service area is diminished.   
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Figure 5.7  Serviceability Index after 24 Hours for 15 Water Service Areas with LAAs 

Off and Northridge Trunk Tank Damage 

 

5.3.5 Combined Effects of Electric Power Loss and Northridge Trunk Line 

Damage on System Performance 

 

Figure 5.8 shows the combined effects of electric power loss and Northridge 

trunk line damage to the system with the LAAs on.  The entire system serviceability 

after 24 hours is approximately 83%, which is lower than the system serviceability 

results for loss of electric power and Northridge trunk line damage alone.  The 54% 

and 52% SIs for the ST and FH regions are due to the loss of pumping capacity to 

distribute water in those service areas.  The 41% SI in VFC is dominated by the 

Northridge trunk line damage, particularly the Granada and Rinaldi Trunk Line 

breaks, and leaks on the Roscoe Trunk Line.  Serviceability in the GH water service 
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area drops to 2% due to the combined effect of electric power loss and trunk line 

damage.   

 

 Figure 5.9 shows the same study with loss of electric power and Northridge 

trunk line damage, but also includes the loss of the LAAs.  These results emphasize 

the importance of the LAAs as a source of water because entire system serviceability 

drops to 69%.  Water service areas in the central (EH, SM, HH, and MW) and 

northern (GH, FH, and ST) portions of the LADWP system are particularly affected 

due to loss of pump stations, and the reduced amount of water available for 

transmission.       

Figure 5.8  Serviceability Index after 24 Hours for 15 Water Service Areas with 

Northridge Trunk Line Damage and Electric Power Loss for Los Angeles Aqueducts 

On 
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Figure 5.9  Serviceability Index after 24 Hours for 15 Water Service Areas with 

Northridge Trunk Line Damage, Electric Power Loss, and Los Angeles Aqueducts Off 

 

5.3.6 Combined Effects of Los Angeles Aqueduct Outage, Electric Power Loss, 

Northridge Trunk Line Damage, and Distribution System Damage on 

System Performance 

 

Figure 5.10 shows the results for a simulation with electric power loss, 

Northridge trunk line damage, and loss of the LAAs.  In addition, distribution system 

damage is simulated by an increase in the nodal demands, as per fragility curves 

developed by Shi (2006).  The entire system serviceability after 24 hours drops 

significantly to 39%.  This study shows the importance of modeling damage to the 

distribution system, which was explored in the previous chapter.  Sensitivity analyses 

from the previous chapter have demonstrated that demands imposed by the local 
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distribution system can have significant effects on serviceability.  Comparison of 

Figures 5.8 and 5.9 shows the impact of distribution pipeline damage, which causes a 

drop in SSI from approximately 83% to 69%.  The increase in demand from 

distribution system damage due to the earthquake affects the EH, HP, MW, and HH 

water service areas more severely than others.  The impact of elevated distribution 

demands causes tanks within these water service areas to lose water more rapidly 

thereby cutting off flows and reducing local serviceability.   

 

 

 

Figure 5.10  Serviceability Index after 24 Hours for 15 Water Service Areas with 

Northridge Trunk Line Damage, Electric Power Loss and Distribution System 

Damage for Los Angeles Aqueducts Off 
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5.4 Conclusions 

 

The hydraulic network model embodied in the DSS for the LADWP water 

supply accounts comprehensively for combined sources of earthquake damage, 

including loss of the LAAs, damage from PGD and TGD to both trunk and 

distribution pipelines, loss of electric power, and damage to facilities.  In the 

simulations, the individual sources of damage can be decoupled from their combined 

effects and studied one at a time.  By de-aggregating the damage in this way, the most 

important sources of earthquake disruption can be determined.  Moreover, the location 

and system conditions having the greatest influence on earthquake vulnerability can be 

identified and corrective measures taken to improve system-wide and local response.   

 

De-aggregation studies performed for the actual 1994 Northridge earthquake 

damage and water supply disruptions were used to evaluate system performance to 

single and combined sources of damage.  There was no significant impact on 

serviceability, either system-wide or locally, from tank damage.  Loss of the LAAs, 

however, has a significant effect on water delivery.  After 24 hours, there is a 

reduction of 17% in system serviceability, with severe loss of service in the northern 

foothills flanking the San Fernando Valley as well as in the western part of the valley.   

 

Loss of electric power results in a reduction of approximately 7% in system 

serviceability with losses principally in service areas along the northern flank of San 

Fernando Valley.  Loss of electricity removes Van Norman Pump Station No. 2 from 

the system, which pumps water to higher elevations surrounding the Van Norman 

Complex.  As a result, flow is curtailed into the GH and FH water service areas.  
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Water losses from electric power outage affect many of the same localities most 

severely influenced by loss of the LAAs.   

 

The LAAs provide water to 1) the Rinaldi Trunk Line which services the 

western San Fernando Valley, and 2) to Van Norman Pump Station No. 2 into trunk 

lines that service the western San Fernando Valley, and the water service area in the 

northwestern portion of the system.  With the loss of the LAAs, water is not available 

to be pumped through Van Norman Pump Station No. 2, thereby curtailing flow to the 

western San Fernando Valley.  Also, the loss of the LAAs restricts flow in the Rinaldi 

Trunk Line, further decreasing system serviceability in the western San Fernando 

Valley, particularly the VFC water service area.   

 

In the case of electric power outage, the water is available from the LAAs, but 

the means to distribute it is compromised as Van Norman Pump Station No. 2 does not 

have a back-up power source.  Without Van Norman Pump Station No. 2, flow in the 

Granada, Susana, and Foothill Trunk Lines is curtailed, and system serviceability is 

reduced in the western San Fernando Valley (particularly Granada Hills) and Foothill 

water service areas.  These two cases have different causes for loss of water 

transmission, but produce similar patterns of lost system serviceability.  In the case of 

the LAAs, the means to distribute water is intact (via Van Norman Pump Station No. 

2) but a major source of water is lost.  In the case of electric power outage, the major 

source of water (LAAs) is available, but the means to distribute it (Van Norman Pump 

Station No. 2) is not. 

     

The reduction in system serviceability from only trunk line damage is 14.5%, 

and is concentrated locally in those service areas at higher elevations north of San 
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Fernando Valley as well as the western part of the valley.  The locations of lost service 

from Northridge trunk line damage are geographically similar to those associated with 

disconnection of the LAAs and electric power outage because breaks on the Rinaldi 

and Granada Trunk Lines cut off flow to the western San Fernando Valley, and leaks 

in the Van Norman Complex and Van Norman Pump Station discharge line curtail 

flow to the FH and GH service areas in the north.  The combined effects of Northridge 

trunk line damage and electric power loss contribute to a decline of approximately 

17% in system serviceability similar to that associated with loss of the LAAs.  The 

service areas most severely affected by LAA loss are the western San Fernando Valley 

and the Foothills area, which are also the areas most significantly compromised by the 

combined effects of trunk line damage and electric power  outage.   

 

In summary, the de-aggregation studies show that the LADWP distribution 

system is vulnerable to loss of the LAAs.  These aqueducts provide flow to Van 

Norman Pump Station No. 2 and then to the Granada, Susana and Foothill Trunk 

Lines.  The Granada and Susana trunk lines convey water to the western San Fernando 

Valley, and the Foothill Trunk Line conveys water to the Foothills service area.  Water 

from the LAAs also feeds into the Rinaldi Trunk Line, another major source of water 

to the western San Fernando Valley.  The lack of a back-up power source for Van 

Norman Pump Station No.2 is also a vulnerability.  The loss of this pump station 

prevents the distribution of LAA water to the Granada, Susana, and Foothill Trunk 

Lines, which reduces serviceability in the western San Fernando Valley and Foothills 

regions. 
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CHAPTER 6 

 

 APPLICATION OF DECISION SUPPORT SYSTEM  

 

 
6.1 Introduction 
 

An unbounded problem is one that does not have a well-defined solution set 

and for which there may be many different outcomes. A DSS provides solutions for an 

unbounded problem in a way that allows managers to evaluate different potential 

outcomes and select the most appropriate measures to improve operability and 

performance.  For problems that involve system response to extreme events, there are 

uncertainties associated with the demands, system capacity, models used for system 

simulation, and human error. System simulations for this class of problem must have 

strong stochastic attributes in demand and system capacity formulations. Running 

simulations for multiple scenarios provides a range of possible outcomes and a 

probabilistic basis for judging the most likely level of performance and its variability. 

Multiple simulations help to identify recurrent patterns of behavior and to plan for the 

many eventualities of an extreme event. Testing various plans and strategies by 

quantifying their effects improves the operators’ ability to improvise and innovate 

during a real emergency.   

 

This chapter applies the DSS to an unbounded problem of water supply 

management involving the removal of reservoirs from service because of water quality 

requirements and the impact of that process on water supply performance during a 

future earthquake.  The reservoirs removed from service and their significance with 

respect to storage capacity are discussed.  Water supply response for repeat Northridge 
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scenario earthquakes is analyzed, and the characteristics of the scenario earthquake 

simulations are described.  Simulation results are presented for conditions in which the 

reservoirs removed from service are 1) disconnected from the system, and 2) 

reconnected on an emergency basis.  The geographic distribution of system 

performance is assessed for the 15 water service areas of LADWP, and the results are 

summarized for service areas providing water to the most highly populated areas of 

Los Angeles.  The implications of the simulations are discussed with respect to 

emergency planning, and conclusions are drawn regarding the operation of the system 

during a serious earthquake. 

 

6.2 LADWP Reservoirs 

 

The LADWP is presently undertaking an extensive capital improvement 

program to meet the requirements of the U.S. Environmental Protection Agency and 

California State Department of Health Services requirements with respect to surface 

water treatment and disinfection byproducts.  Significant water system changes are 

necessary to meet the requirements.  System changes include the removal of Encino, 

Hollywood, and Lower Stone Canyon Reservoirs from normal operating service, 

which places a much greater importance on the Los Angeles Reservoir and Van 

Norman Complex for reliable water distribution.   Figure 6.1 shows the locations and 

approximate water storage capacities of the Los Angeles, Encino, Lower Stone 

Canyon, and Hollywood Reservoirs.  The removal of these reservoirs represents a loss 

of about 34 million m3 of water from immediate use in the system.   
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Figure 6.1  Locations and Storage Capacities of Los Angeles, Encino, Lower Stone 

Canyon, and Hollywood Reservoirs 
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6.3 Repeat Mw7.0 Northridge Scenario Earthquake 
 

A Northridge repeat earthquake scenario was selected to model system 

response with and without the removed reservoirs to evaluate their influence on the 

ability to supply water after an earthquake.  The Northridge repeat earthquake scenario 

consists of a Mw7.0 earthquake that is one of the 59 scenario earthquakes incorporated 

in the DSS to assess the aggregated seismic hazard for the LADWP system.  This 

event is similar to the actual Mw6.7 1994 Northridge earthquake and hence familiar 

and meaningful for operators and customers. The Mw7.0 scenario earthquake is 

slightly stronger than its 1994 counterpart, but sufficiently similar to provide results 

that can be assessed relative to recent experience with system performance during the 

actual Northridge earthquake.   

 

 As pointed out by Davis, et al. (2007), system simulations for a repeat 

Northridge earthquake provide a credible basis for assessing how water quality 

improvements affect the seismic performance and recovery capability of the LADWP 

water supply. They can be used to evaluate seismic safety and to guide on-going 

capital improvement projects to ensure that seismic hazards are considered properly in 

relation to water quality and other hazard concerns (e.g., dam safety).   

 

6.4 Simulation Results for Mw7.0 Earthquake 

 

This section presents the simulation results for a Mw7.0 repeat Northridge 

earthquake scenario, including simulated trunk and distribution line damage, electric 

power outage, and tank fragility analysis for both winter and summer demand 

conditions.  Pipeline flows as well as system-wide and local serviceability metrics are 
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presented and discussed.  The geographic distribution of serviceability is assessed for 

the 15 water service areas of LADWP described in Chapter 5 (see Figure 5.2), and the 

results are summarized for service areas providing water to the most highly populated 

areas of Los Angeles. 

 

6.4.1 System-wide Serviceability Results 

 

Figure 6.2 shows the trunk line flow simulation results 24 hours after the 

earthquake, and corresponding median system serviceability indices (SSIs) for both 

summer and winter demand scenarios with the out-of-service reservoirs open and 

closed. As discussed in Chapter 3, Monte Carlo simulations are run according to an 

algorithm that uses a Poisson process to simulate the occurrence of pipeline damage 

based on seismic demands and pipe characteristics.  Each simulation generates 

different damage scenarios, and the damaged system is reconfigured to remove 

portions of the system that have been physically disconnected, and rendered 

hydraulically unreliable by the presence of unsustainable negative pressures identified 

by the hydraulic network analyses.   The user can specify the number of Monte Carlo 

simulations to be performed, or can allow the hydraulic network analysis program 

determine the number of simulations based on a self-termination algorithm that 

automatically stops when convergence criteria have been met.  For the summer and 

winter demand scenarios, 15 simulations were run to meet the convergence 

requirements of the algorithm.   

 

In Figure 6.2, the blue lines indicate trunk lines with flow that are still capable 

of providing water to demand nodes in the distribution system.  The gray lines 
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Figure 6.2  Median Trunk Line at 24 Hours for Summer and Winter Demands with 

Out-of-Service Reservoirs Open and Closed 
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Figure 6.3  SSI at 24 Hours for Repeat Northridge Earthquake Scenario, Winter 

Demand with Out-of-Service Reservoirs Open and Closed 

Figure 6.4  SSI at 24 Hours for Repeat Northridge Earthquake Scenario, Summer 

Demand, with Out-of-Service Reservoirs Open and Closed 
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represent Municipal Water District (MWD) trunk lines and well lines that are not 

connected to the LADWP network.  Interties exist between these lines and the 

LADWP system that can be opened according to seasonal demand or in the event of 

an emergency.  The red lines represent trunk lines that are not able to convey water 

with reliable levels of pressure and flow, and thus have been removed from the 

system. 

 

As shown in Figure 6.2, the 24 hour, median SSI for winter demand with the 

reservoirs closed is 61.6%, and rises to 70.1% with the reservoirs open. Water flows 

associated with open reservoirs are improved primarily in the MW and HH water 

service areas located just north of the Los Angeles central business district.  For a 

summer demand, the 24 hour, median SSI with the reservoirs closed is 44.9%, and 

increases to 55.6% with the reservoirs open.  Consistent with the parametric studies 

described in Chapter 4, the SSI for summer demand is substantially lower than that for 

winter demand.  Opening the reservoirs under summer demand has a greater effect on 

boosting SSI than the lower winter demand, with water flows improved primarily in 

the MW and HH water service areas, and the CC and WS water service areas that 

include downtown Los Angeles.  

 

Each map in Figure 6.2 is for only one simulation corresponding to the median 

SSI.  To obtain a better sense for the statistical variation in SSI outcomes, Figures 6.3 

and 6.4 show 24 hour system-wide serviceability histograms for all 15 simulations 

with reservoirs open and closed, for winter and summer demand conditions, 

respectively.   The SI statistics for 24 hours after the earthquake are summarized in 

these histograms by showing the number of Monte Carlo simulations resulting in a 

particular SI divided by the total number of simulations to provide an approximate 
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probability index.  The histograms of “probability” allow comparison of performance 

outcomes when the Encino, Lower Stone Canyon, and Hollywood Hills Reservoirs are 

closed and open. 

 

 For the winter demand scenario, the SSIs for reservoirs open range from 55% 

to 75%.  For the winter scenario with reservoirs closed, the range of SSIs is narrower, 

between 60% and 70%. Moreover, with reservoirs closed the probability of 

experiencing damage states towards the lower end of the range is significantly greater 

than when the reservoirs are open.  In the summer demand scenario, the SSIs for 

reservoirs open range from 45% to 65%.  With the reservoirs closed, the spread in 

SSIs becomes wider, ranging from 30% to 55%.  These results indicate that post-

earthquake system performance can degrade significantly with increased demand and 

that summer demand conditions contribute to lower bound seismic performance of the 

system.  The spread in potential damage states, and thus the potential for very low 

levels of serviceability, increases with elevated demand.   

 

6.4.2 Dense Population Area Serviceability Results 

 

Figure 6.5 shows the water service areas superimposed on census block groups 

from 2000 TIGER/Line data.  Each block group typically contains between 600 and 

3000 people, with an optimum size of 1500.  The WS, CC, HP and MW water service 

areas, highlighted in gold, represent some of the densest population areas in the 

LADWP system, including the Los Angeles central business district.  Serviceability 

results can be compiled for any combination of water service areas. Using a GIS to 

identify the most populous water service areas helps to identify those portions of the 

city with densest housing and potentially highest vulnerability to fire spreading.  
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Figure 6.5  LADWP Pipelines and Water Service Areas Superimposed on 2000 

Census Block Group Image 
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Figures 6.6 and 6.7 show the 24 hour serviceability results for the most densely 

populated service areas for both the winter and summer demand scenarios, 

respectively.  For both demand conditions, the improvements in serviceability are 

more pronounced for the most densely populated water districts than for the entire 

system. The spread in potential outcomes is quite clear in Figure 6.6 for winter 

demand, with an increase in SI of more than 15% when the results for open reservoirs 

are compared to those for closed reservoirs. Similar to the results in Figures 6.3 and 

6.4, the post-earthquake system performance degrades significantly with increased 

summer demand as shown by the histograms in Figure 6.7.  There is a very substantial 

increase of approximately 23% in median SI for reservoirs open compared with 

reservoirs closed. Moreover, there is a notable shift to lower potential SIs for 

reservoirs closed, with some SIs as low as 15%.  Hence, there is now the possibility of 

severe serviceability loss in those areas of Los Angeles with the highest populations. 

 

 Comparing Figures 6.3 and 6.4 with Figures 6.6 and 6.7 shows the value of 

evaluating serviceability for select geographic areas.  Serviceability increases more 

markedly with reservoirs open for the most heavily populated areas of Los Angeles 

compared with system-wide serviceability for both winter and summer demands.  The 

contrast is most pronounced for summer demand. Whereas the median serviceability 

throughout the entire system increases by about 11 % for reservoirs open, the median 

serviceability for the most populated areas increases by more than double this amount 

(23%) for reservoirs open.  

 

The ability to obtain water system performance results for geographic subsets 

of the LADWP system can help system operators and planners.  The knowledge that a 

repeat Northridge earthquake scenario under high summer demands may cause a 
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Figure 6.6  Dense Population Area SSI at 24 Hours for Repeat Northridge Earthquake 

Scenario, Winter Demand with Out-of-Service Reservoirs Open and Closed 

Figure 6.7  Dense Population Area SSI at 24 Hours for Repeat Northridge Earthquake 

Scenario, Summer Demand with Out-of-Service Reservoirs Open and Closed 
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concentrated loss of serviceability in the most densely populated areas aids in the 

development of mitigation strategies. Opening the out-of-service reservoirs on an 

emergency basis is most effective in the densely populated areas for increasing 

serviceability, which in turn reduces vulnerability to fire and fire spreading. The 

results show that opening the reservoirs immediately after a serious earthquake 

improves serviceability so significantly in densely populated areas that it is a plausible 

strategy for emergency response, even though such action will require water 

purification notices to be issued for the entire system.  

 

6.4.3 Serviceability Results for the 15 Water Service Areas 
 

To identify particular regions of the LADWP system that experience 

significant degradation in serviceability, results can be compiled according to the 15 

water service areas (see Figure 5.2).  Figure 6.8 compares the median serviceability 

results for a winter demand scenario at 24 hours after the earthquake for reservoirs 

open and closed.  With reservoirs open, two of the 15 water service areas, FH and GH, 

have SIs below 25%.  When the reservoirs are closed, only one additional water 

service area, HH, falls below 25% serviceability.  Figure 6.9 shows the same 

comparison of median serviceability results for summer demand.  With the reservoirs 

open, four of the 15 water service areas (SM, FH, GH, and ST) have SIs below 25%.  

When the reservoirs are closed, the HH, MW, and HP water service areas also drop 

below 25% serviceability.   

 

Figure 6.10 presents the same results, but in a GIS format highlighting the 

location of the water service areas with SIs below 25%.  The GH and FH water service 

areas are most susceptible to decreased water system performance, followed by the 
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Figure 6.8  Serviceability Index at 24 Hours for 15 Water Service Areas for Winter 

Demand with Out-of-Service Reservoirs Open and Closed 

Figure 6.9  Serviceability Index at 24 Hours for 15 Water Service Areas for Summer 

Demand with Out-of-Service Reservoirs Open and Closed 
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Figure 6.10  Comparison of 24 Hour SSI for the 15 Water Service Areas for a Repeat 

Northridge Earthquake Scenario, Out-of-Service Reservoirs Open and Closed for 

Winter and Summer Demand Scenarios 

 

MW and HP service areas, indicating special consideration should be made as to how 

these areas are provided with water in the event of an earthquake. 

 

The results of the de-aggregation analyses presented in Chapter 5 also show 

the GH and FH water service areas to be the most vulnerable to decreased water 

system performance.  The analyses presented here and in Chapter 5 both illustrate the 

importance of the Los Angeles Aqueducts (LAAs) and Van Norman Pump Station No. 

2.  When the transmission of water from the LAAs is lost, the Granada, Rinaldi and 

WINTER DEMAND SUMMER DEMAND 
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Susana Trunk Lines that feed the GH service area lose water.  In addition, water to the 

FH service area via the Foothill Trunk Line is also restricted.   

 

6.5 Conclusions 

 

The LADWP system was modeled with and without several key reservoirs, 

which have been removed from service to meet water quality standards, to assess their 

influence on supplying water after an earthquake.  These results indicate that post-

earthquake system performance can degrade significantly with increased demand and 

that summer demand conditions contribute to lower bound seismic performance of the 

system.  The spread in potential damage states, and thus the potential for very low 

levels of serviceability, increases with elevated demand.   

 

The results also show that opening the disconnected reservoirs immediately 

after a serious earthquake improves serviceability, with the most substantial 

improvements experienced by water service areas with the highest population 

densities.  Whereas the median serviceability for summer demand throughout the 

entire system increases by about 11% for reservoirs open, the median serviceability for 

the most populated areas increases by more than double this amount (23%) when the 

out-of-service reservoirs are opened.  By increasing water supply serviceability, 

opening reservoirs also reduces vulnerability to fire and fire spreading.  Opening the 

reservoirs immediately after a serious earthquake improves serviceability so 

significantly in densely populated areas that it is a plausible strategy for emergency 

response, even though such action will require water purification notices to be issued 

for the entire system.  
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The simulations performed for this study illustrate how complex system 

decisions involving long-tern water quality standards and short-term emergency 

response measures can be supported by advanced systems modeling.  Work, such as 

this, that links emergency response with public health decisions provides a good 

example of how system modeling provides the basis for decisions about earthquake 

effects on a regional scale and the complex performance of critical lifeline networks.   
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CHAPTER 7 

 

SUMMARY AND CONCLUSIONS 

 

 

7.1 Introduction 

 
This   report   investigates  water  supply   performance  during  earthquakes 

and extreme events.  The effects of the WTC disaster on the NYC water supply is 

investigated in detail and hydraulic network analysis are performed for fireboat hose 

and pumper truck relays. Previous research by Shi (2006) and Wang (2006) is 

expanded to develop a functional DSS for the seismic and multihazard performance of 

water supplies, using the LADWP system as a test bed.   Research on the seismic 

performance of water supplies involves the implementation of model improvements 

and upgrading the model developed by Shi (2006) and Wang (2006) to represent the 

LADWP system as of 2007, and these changes are described.  This work also involves 

a parametric study of seismic water supply performance, de-aggregation of system 

simulation results according to individual sources of earthquake damage and 

geographic subsets of the LADWP system, and application of the methodology to an 

actual decision support problem faced by LADWP management. 

 

This chapter provides a summary of major research findings associated with 

this report.    The  sections  that  follow  summarize  the  research  findings according 

to the five objectives of the research: 1) water supply performance during the WTC 

disaster; 2) model improvements and validation; 3) parametric study of seismic system 

performance; 4) de-aggregation of system simulation results; and 5) application of the 
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decision support system.  The final section provides a discussion of research needs and 

future research directions.  

 

7.2 Water Supply Performance During the WTC Disaster 

 

In this study, the performance of the NYC water supply and fire protection 

systems during the WTC disaster is investigated in detail.  The water losses sustained 

by distribution pipelines and their influence on fire fighting as well as 

telecommunication and transportation lifelines are evaluated.  Hydraulic network 

analyses are performed to quantify the performance of hose and pumper truck relays 

from fireboats to the WTC site, and the performance of the fire protection system on 

NYC is compared with fire protection system performance during the 1989 Loma 

Prieta earthquake. 

 

Water supply performance during the WTC disaster underscores the 

importance of water supply systems in crowded urban environments.  Not only is the 

water distribution infrastructure critical for fire protection and the support of 

household and commercial activities, water main damage can rapidly cascade into 

damage of nearby gas, electric, telecommunications, and transportation facilities with 

substantial direct and indirect economic losses.  Water from ruptured water mains 

during the WTC disaster flooded one of the commuter rail PATH tunnels, eventually 

threatening Exchange Place Station in New Jersey, and flooded a vault with 

telecommunication cables that carried financial data needed for securities trading on 

the New York Stock Exchange. 

 



 

161 

The analytical studies and results described in this chapter have important 

tactical ramifications for fire protection during extreme events.  Fireboats are 

frequently equipped with high capacity pumps, well suited for spraying water on 

burning waterfront properties.  When fireboats are used to pump water to shore, the 

principal bottleneck in the conveyance system is the hose size.  Hydraulic network 

models by standard 89 mm (3.5 in.) hose lines and pumper trucks show that the 

maximum flow that can be delivered is only 10% of the pumping capacity of a large 

fireboat. The sensitivity analyses presented herein show considerable benefits from 

deploying 127 mm (5 in.) and 178 mm (7 in.) diameter hoses.  Moreover, the analyses 

also show that two pumper trucks per relay, as opposed to three, is a better use of 

critical equipment when relay distances are in the range of 365 m (1,200 ft.) to 400 m 

(1,300 ft.). 

 

From a strategic perspective, fireboat deployment during the WTC disaster and 

the Loma Prieta earthquake were essential for controlling fires.   Estimated flows from 

fireboat pumping records and hydraulic network analyses indicate that water supplied 

from fireboats during the WTC disaster was approximately 150% of the water initially 

available in underground pipelines.  Moreover, flow and pressure in underground 

pipelines declined steadily during 9/11 until all flow was shut off by isolating the area 

of suspected damage from the rest of the water distribution network.   Similar 

disruption of the water supply was experienced after the Loma Prieta earthquake when 

seismic damage of underground pipelines deprived firefighters of water needed to 

extinguish the Marina fire.  The loss of pipeline water was compensated by water 

pumped from the SFFD fireboat dispatched to the area of conflagration.  Experience in 

the San Francisco after the Loma Prieta earthquake reinforces the WTC experience, 

and demonstrates that water can be conveyed rapidly from marine locations for 
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distances as great as 1 km (0.6 miles), provided that appropriate planning and 

equipment acquisition have been undertaken. 

 

7.3 Model Improvements and Validation 

 

A DSS has been developed for LADWP to plan operations, emergency 

response, and new system facilities and configurations to optimize water supply 

performance during and after earthquakes. The system is generic, and the architecture 

of its computer programs is adaptable to any water supply. The system works with a 

special program for damaged network flow modeling, known as Graphical Iterative 

Response Analysis for Flow Following Earthquakes (GIRAFFE).  It simulates all 

11,633 km (7,228 mi.) of water trunk and distribution pipelines and related facilities 

(e.g., tanks, reservoirs, pressure regulation stations, pump stations, etc.) in the 

LADWP system, and accounts for the aggregated seismic hazard in Los Angeles 

through an ensemble of 59 scenario earthquakes. The simulations are dynamic in time, 

and can account for loss of service as tanks and local reservoirs lose water over time 

through leaks and breaks in pipelines. 

  

 Specific model improvements were accomplished as part of this work.  The 

model was upgraded to represent the LADWP system in 2007.  The DSS now contains 

models for the LADWP system in 2002 and 2007.   Modifications to the 2002 model 

can be implemented to represent system performance in 1994, thereby providing an 

appropriate basis for simulations of water supply response to the 1994 Northridge 

earthquake.   
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 Additional model improvements include the ability to simulate the time 

dependent response of the system in a more robust manner by enabling the levels of 

tanks and reservoirs to vary.  Critical system interactions between tanks and reservoirs 

can be lost if the simulation time increment does not reflect the smallest operational 

time increment for system functionality, which generally depends on the capacity of 

key storage facilities.  For this reason, a one hour time increment is necessary for 

accurate simulation of the LADWP system.  The model was also updated with the 

ability to include all sources of earthquake damage and disruption including the loss of 

the LAAs, loss of electric power, PGD and TGD effects in trunk and distribution 

pipelines, and fragility curves to probabilistically represent damage to facilities such 

as tanks, reservoirs, regulation stations, and pumps. 

 

 The hydraulic network model was validated through comparison of model 

results for the effects of the 1994 Northridge earthquake with the actual areas of lost 

water service and pre- and post-earthquake measurements of flow documented by 

LADWP.  There is very good agreement between model results and LADWP records 

with respect to system-wide serviceability, geographic distribution of lost service, and 

pre- and post-earthquake flows over time at key locations.  The median SSI 24 hours 

after the earthquake is 71.8%, which falls within LADWP estimates of 70-75% 

serviceability 24 hours after the actual Northridge earthquake (Adams, 2008).  The 

simulated geographic distribution of lost service covers a larger area than that 

indicated by LADWP records, but these additional areas constitute less than 2% of 

total system demand.  Hence, the model is biased to conservative results at high 

elevations that has only a small effect on system serviceability.  Pre- and post-

earthquake flows from the simulations were found to compare favorably with 
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Northridge flow records from 5 SCADA monitoring stations, indicating key areas of 

the system are being simulated accurately.   

 

7.4 Parametric Study of Seismic System Performance 

 

Post-earthquake water supply performance is time-dependent because losses 

through leaking pipelines reduce tank and reservoir levels, thereby diminishing, and in 

many instances cutting off, pressure and flow in portions of the system.  It is important 

therefore to account for time-dependent performance by modeling post-earthquake 

response incrementally according to time intervals.  The minimum time step required 

for modeling should be less than or equal to the smallest operational time increment 

needed for an accurate representation of system functionality, which will generally 

depend on the capacity of key storage facilities.  For the LADWP system, a minimum 

time increment of 1 hour was needed for reliable time-dependent simulations.  This 

interval is related to storage capacities of the Clearwell and several other tanks that 

have capacities that will run dry in less than 2 hours.   

 

 The most important factor affecting post-earthquake system performance is 

nodal demand.  Water supply simulations based on the 1994 Northridge earthquake 

effects show a nonlinear decrease in system serviceability as the demand from the 

distribution system increases.  The system serviceability 24 hours after the earthquake 

decreases from 71% for winter demand to 52% for summer demand, which represents 

a 19% decline.  The simulation results show a 38% decrease in system serviceability 

after 24 hours for a fourfold increase in demand from winter demand conditions.  The 

sensitivity of system performance to demand from the distribution system shows 

clearly that accounting for earthquake damage to distribution pipelines is important, 
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especially when earthquake performance under elevated summer levels of demand is 

being evaluated. 

 

 Simulations were performed of post-earthquake water supply response after 24 

hours for the actual damage associated with the 1994 Northridge earthquake and 

damage simulated for a Mw6.5 and Mw7.0 Northridge repeat earthquake scenarios.  

They show that TGD effects had the most important effects on water supply 

performance, with a substantially greater impact than PGD effects.  TGD for the 

Northridge earthquake simulations was more pervasive than PGD damage, and 

affected major trunk lines important for substantial flows in the system.   

 

 The parametric study shows that system serviceability was not significantly 

influenced by moderate changes in negative pressure tolerance.  Large changes in 

leakage rates, on the order of 100%, produced relatively small changes of 5% in 

system serviceability, whereas extreme changes in the weighted probabilities of 

leakage produced system serviceability changes of 3%.  Changes in the percentages of 

breaks and leaks resulted in some of the largest changes in system serviceability, but 

even here the drop in serviceability going from 0% to 20% trunk line breaks was only 

7%. 

 

7.5 De-Aggregation of System Simulation Results 

 

The hydraulic network model embodied in the DSS for the LADWP water 

supply accounts comprehensively for combined sources of earthquake damage, 

including loss of the LAAs, damage from PGD and TGD to both trunk and 

distribution pipelines, loss of electric power, and damage to facilities.  In the 
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simulations, the individual sources of damage can be decoupled from their combined 

effects and studied one at a time.  By de-aggregating the damage in this way, the most 

important sources of earthquake disruption can be determined.  Moreover, the location 

and system conditions having the greatest influence on earthquake vulnerability can be 

identified and corrective measures taken to improve system-wide and local response.   

 

De-aggregation studies performed for the actual 1994 Northridge earthquake 

damage and water supply disruptions were used to evaluate system performance to 

single and combined sources of damage.  There was no significant impact on 

serviceability, either system-wide or locally, from tank damage.  Loss of the LAAs, 

however, has a significant effect on water delivery.  After 24 hours, there is a 

reduction of 17% in system serviceability, with severe loss of service in the northern 

foothills flanking the San Fernando Valley as well as in the western part of the valley.   

 

Loss of electric power results in a reduction of approximately 7% in system 

serviceability with losses principally in service areas along the northern flank of San 

Fernando Valley.  Loss of electricity removes Van Norman Pump Station No. 2 from 

the system, which pumps water to higher elevations surrounding the Van Norman 

Complex.  As a result, flow is curtailed in the GH, ST, and FH water service areas.  

Water losses from electric power outage affect many of the same localities. 

 

The reduction in system serviceability from trunk line damage is 14.5% and is 

concentrated locally in those service areas at higher elevations north of San Fernando 

Valley as well as the western part of the valley, which are geographically similar to 

those affected by loss of the LAAs and by electric power outage.  Breaks on the 

Rinaldi and Granada Trunk Lines cut off flow to the western portion of the San 
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Fernando Valley, and trunk line leaks in the Van Norman Complex reduce flow to the 

FH and GH service areas in the north. 

 

The de-aggregation studies show that the LADWP distribution system is 

vulnerable to loss of the LAAs.  These aqueducts provide flow to Van Norman Pump 

Station No. 2 and then to the Granada, Susana and Foothill Trunk Lines.  The Granada 

and Susana trunk lines convey water to the western San Fernando Valley, and the 

Foothill Trunk Line conveys water to the Foothills service area.  Water from the LAAs 

also feeds into the Rinaldi Trunk Line, another major source of water to the western 

San Fernando Valley.  

 

The lack of a back-up power source for Van Norman Pump Station No.2 is 

also a vulnerability.  The loss of this pump station prevents the distribution of LAA 

water to the Granada, Susana, and Foothill Trunk Lines, which reduces serviceability 

in the western San Fernando Valley and Foothills regions. 

 

7.6 Application of Decision Support System 

 

The LADWP system was modeled with and without several key reservoirs, 

which have been removed from service to meet water quality standards, to assess their 

influence on supplying water after an earthquake.  These results indicate that post-

earthquake system performance can degrade significantly with increased demand and 

that summer demand conditions contribute to lower bound seismic performance of the 

system. The spread in potential damage states, and thus the potential for very low 

levels of serviceability, increases with elevated demand.   
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The results also show that opening the disconnected reservoirs immediately 

after a serious earthquake improves serviceability, with the most substantial 

improvements experienced by water service areas with the highest population 

densities.  Whereas the median serviceability for summer demand throughout the 

entire system increases by about 11% for reservoirs open, the median serviceability for 

the most populated areas increases by more than double this amount (23%) when the 

out-of-service reservoirs are opened.  By increasing water supply serviceability, 

opening reservoirs also reduces vulnerability to fire and fire spreading.  Opening the 

reservoirs immediately after a serious earthquake improves serviceability so 

significantly in densely populated areas that it is a plausible strategy for emergency 

response, even though such action will require water purification notices to be issued 

for the entire system.  

 

The simulations performed for this study illustrate how complex system 

decisions involving long-tern water quality standards and short-term emergency 

response measures can be supported by advanced systems modeling.  Work, such as 

this, that links emergency response with public health decisions provides a good 

example of how system modeling provides the basis for decisions about earthquake 

effects on a regional scale and the complex performance of critical lifeline networks.   

 

7.7 Future Research Directions 

 

System simulations for multiple hydraulic network improvement strategies 

should be run in conjunction with optimization algorithms designed for evaluating 

factors such as cost and improved serviceability return so that the most cost-effective 

modifications of the system can be identified.  For example, it would be useful to 
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explore strategies to increase post-earthquake serviceability performance in the 

vulnerable GH and FH water service areas.  Results for such simulation and 

optimization runs would aid in system planning and funding allocation decisions.  

Exploring network improvement strategies for the aggregated LADWP seismic hazard 

will provide for a systematic optimization to address all major sources of earthquake 

activity. 
 

As previously indicated, it is well recognized that PGD is one of the most 

pervasive causes of lifeline damage during earthquakes (O’Rourke, 1998).  Although 

the severity of the lifeline damage caused by PGD is well documented and significant 

emphasis has been placed on it in guidelines for seismic design (e.g., ASCE, 1984; 

O’Rourke and Liu, 1999; Honegger and Nyman, 2004), there is no single method or 

approach that is currently adaptable for systematic application in the simulations for 

all 59 scenario earthquakes.  Additional research is needed to develop a methodology 

for predicting PGD in a way suitable for reliable estimates of damage to underground 

pipelines and related water supply facilities.  

 

This work shows that demand is the most important parameter affecting post-

earthquake water system performance and operability on both a system-wide and local 

level.  It was assumed for the actual Northridge earthquake and repeat Northridge 

earthquake scenarios that damage in the distribution networks adds to the pre-

earthquake demand to generate post-earthquake flows.  In other words, the pre-

earthquake demand doesn’t change.  The favorable agreement between simulated 

system performance and the actual system performance after the Northridge 

earthquake implies that the demand conditions in the model are consistent with actual 

demands.  It is important to recognize, however, that the actual demand after an 
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earthquake depends on water usage that may decline as people leave areas of heaviest 

damage.  On the other hand, building and facility damage will often be accompanied 

by rupture or leakage in water service connections so that substantial water losses 

occur even if there is no intentional water usage in buildings abandoned or under-

utilized after an earthquake.  More research is needed to understand and quantify the 

actual post-earthquake demands in the local distribution systems as a function of 

changes in water usage and elevated levels of damage.  

 

Currently, the GIRAFFE modeling approach transforms a damage state into an 

operational state by removing all pipelines that do not satisfy a minimum pressure 

tolerance, thus removing unreliable portions of the system to display the remaining 

part of the network that meets threshold serviceability requirements for minimum 

pressure tolerance.  Within the first 24 hours after an earthquake, this provides a 

reasonable representation of system performance, and provides results that compare 

favorably with observed system response following the Northridge earthquake.  For 

longer periods after the earthquake, portions of the system would be restored or re-

configured.  Work currently pursued by Cağnan and Davidson (2007) provides an 

avenue for improving the model and its application to restoration beginning 24 to 48 

hours after an earthquake. 

 

This research shows that water system performance, particularly as it relates to 

fire protection, is important for the operation of other infrastructure such as electric 

power, telecommunications, and transportation.  Information regarding water supply 

disruption would be useful input into models being developed for the prediction of fire 

spread and impact.  Further work focusing on the integration of the model for water 

supply with models for fire spread and impact would be valuable. 
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Limitations in current hydraulic network analysis software prevent the 

modeling of premise-logic-controls (PLCs) designed by LADWP to model the 

operational status of pumps.  PLCs are a complex set of rules designed for many of the 

pump stations that relate pump operational status with water levels in associated tanks, 

pressures at nearby nodes, the operational status of other pumps, and flows in nearby 

system components.  In this work, pumps that turn on and off based on a complex set 

of logic rules involving pressures, nearby tank levels and time of day, were configured 

to an equivalent state producing average system behavior for a 24 hour period.  

Further investigation into methods of incorporating PLCs is recommended. 
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APPENDIX A 

 

ADJUSTMENTS FOR VARIABLE DEMAND IN FRAGILITY RELATIONS 

FOR LOCAL WATER DISTRIBUTION NETWORKS 

 

 

This appendix provides supplemental information associated with Chapter 3 

that relates to nodal demand modeling. 
 

Fragility curves for various portions of the water distribution system are 

defined on the basis of normalized demand, i.e., the water after an earthquake required 

at a demand node divided or normalized with respect to water required under normal 

operating conditions.  The water required under normal conditions is referred to as the 

estimated demand.  It varies throughout the day and throughout the year.  The fragility 

curves are defined according to a reference estimated demand, taken as the average 

daily summer demand.  The fragility curves are thus normalized according to this 

summer demand, and simulations for another demand need to 1) use fragility curves 

developed explicitly for that demand or, 2) adjust the fragility curves for summer 

demand with a conversion factor to produce the fragility curves for the desired 

demand. 

 

To obtain a conversion factor, let DS represent average daily summer demand, 

and ∆DS represent change in summer demand due to earthquake damage.  Normalized 

summer demand, NDS, is calculated by: 

 

S

SS
S D

DD
ND

∆+=                                                       (1) 
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and modified normalized demand, MND, is given by: 

 

d

S

S

SS

D

D

D

DD
MND 







 ∆+=                                              (2) 

 

in which Dd  is the demand for a design state other than the average daily summer 

demand.   

 

 Rearranging the terms in Equation 2 yields,  

 

d

S

d

S

D

D
MND

D

D −=∆
                                                  (3) 

 

 The normalized demand for the alternate design state, Dd, is  

 

d

dd
d D

DD
ND

∆+=                                                    (4) 

  

We estimate ∆Dd = α ∆DS, where α is a scaling factor and function of the 

design state demand.  Using this estimate with Equation 4, we get 

 

d

S
d D

D
ND α+= 1                                                      (5) 

 

Combining Equations 2, 3 and 5 results in 

 

( )11 −+= S
d

S
d ND

D

D
ND α                                              (6) 

 

which can be used to convert the normalized demand for summer to the normalized 

demand for a different design state, such as the average daily winter demand. 
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 In this work, Equation 6 was used with α = 1 to convert the fragility curves for 

summer demand to those for winter demand.  Taking α = 1 provides a simple and 

convenient conversion process and does not require the development of fragility 

curves for winter demand through multiple numerical simulations of various portions 

of the water distribution system.  It assumes that changes in winter demand for various 

damage states are sufficiently close to changes in summer demand that parity in the 

demand changes can be assumed with acceptably low error. 

 

 To evaluate the validity of this assumption and to study the hydraulic network 

response of the distribution system under various damage states, numerical 

simulations were performed for average daily winter demand on a portion of the 

LADWP distribution system: Zone 1000, which is shown in Figure A.1.  The 

distribution network model includes distribution pipelines and a portion of the trunk 

line system in the vicinity of the local distribution network.  To illustrate better the 

locations of trunk and distribution pipelines, the relevant portion of the LADWP trunk 

line system model is superimposed on each distribution network. 

 

The numerical simulation process and development of normalized demand 

curves for the winter demand were identical to those procedures followed by Shi 

(2006) in developing fragility curves for summer demands.  Flows were monitored in 

representative trunk lines before and after earthquake damage to distribution networks.  

The flows after damage were normalized with respect to those before damage.    

Figure A.2 shows the results of the simulated (modeled) NDw for the 4 trunk line 

measurement locations in local distribution system Zone 1000, versus the NDw 

predicted by the linear approximation explained above.   Lines for -15% and +35%
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Figure A.2  Simulated vs. Linearly Approximated NDw Values for Distribution Zone 

1000 

 

error are shown in the figure, and 70% of the data fall within these bounds.  72% of 

the data within these bounds falls between the 1:1 and 135% line, and 55% of all data 

plot above the 1:1 line.   

 

It appears that the simulation model provides a reasonable estimation of 

normalized demand for most sampling locations, and overall a useful estimate of 

average normalized demand.  It should be recognized that the simulated normalized 

demand has a high variability, so that simplified linear estimations may underestimate 

demands at some sampling locations by a relatively large margin.  
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APPENDIX B 

 

LADWP TRUNK LINE DAMAGE FROM 1994 NORTHRIDGE 

EARTHQUAKE 

 

 
This appendix updates the record of 67 locations of LADWP trunk line 

damage that occurred in the San Fernando Valley during the 1994 Northridge 

earthquake, as first compiled by Shi (2006).  Closely working with LADWP engineers 

and their records from the Northridge earthquake, each damage location has been 

classified as PGD- or TGD-induced, with additional commentary when necessary.  

Complete descriptions of each damage location can be found in Shi (2006).  

 

The Granada Trunk Line (GTL), Rinaldi Trunk Line (RTL), and Roscoe Trunk 

Line sustained severe damage during the earthquake.  In total, 49 locations of damage 

occurred in these three trunk lines.  Damage simulations of the three trunk lines are 

described under the first three subheadings that follow.  Simulations of the other 18 

locations of damage are described under the fourth subheading. 
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B.1 Granada Trunk Line 

 

Figure B.1 shows the locations of Northridge earthquake damage in the GTL.  

Table B.1 gives detailed information for each damage location.  Eight breaks and leaks 

in the vicinity of the Upper Debris Basin on the Van Norman Complex can be 

attributed to PGD effects.  A break that caused approximately 508 mm (20in.) of 

separation at 11661 Balboa Blvd. and resulted in open channel flow, and compression 

failure just south of this break were both PGD-induced damage locations.  

 

 

Figure B.1 Granada Trunk Line Repairs (Shi, 2006) 
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B.2 Rinaldi Trunk Line 

 

Figure B.2 shows the locations of Northridge earthquake damage in the RTL.  

Table B.2 gives detailed information for each damage location.  Six separation and 

compression failures occurred in the RTL along Balboa Blvd., in locations parallel to 

the breaks in the GTL.  Each of these damage locations can be attributed to PGD 

effects. 

Figure B.2  Rinaldi Trunk Line Repairs (Shi, 2006) 
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B.3 Roscoe Trunk Line 

 

Figure B.3 shows the locations of Northridge earthquake damage in the Roscoe 

Trunk Line.  Table B.3 gives detailed information for each damage location.  Thirteen 

breaks and leaks occurred along the Roscoe Trunk Line, and while the cause of all 

damages is not confirmed, USGS documented PGD in the general region.  Chapter 4 

of  this  report  presents the locations of four zones  of  PGD  from  Northridge 

earthquake PGD based on previous work conducted by Jeon (2002) and USGS.  It was 

decided that the Roscoe Trunk Line repairs that fell within the zone of PGD in that 

area would be modeled as PGD-induced damage.  Hence, repair locations numbered 

40-46 in Figure B.3 and Table B.4 are attributed to PGD effects. 

Figure B.3  Roscoe Trunk Line Repairs (Shi, 2006) 
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B.4 Other Trunk Lines 

 

Figures B.4 and B.5 show the locations of 18 additional trunk line repairs that 

occurred in other trunk lines in the LADWP system.  Tables B.4 and B.5 give detailed 

information for each damage location.  One location in Figure B.4 and Table B.4 can 

be attributed to PGD effects: slip joint wrinkling that occurred on the Van Norman 

Pumps Station Discharge Line, just north of the Olden St. Trunk Line connection (next 

to the Bypass Channel).  Conversations with Davis (2007) at LADWP revealed that 

this damage occurred as a result of the “Juvenile Hall Slide”, and was similar to a tear.  

Conversations with LADWP personnel also lead to the decision that the Los Angeles 

City Trunk Line was a leak (not a break), and was not likely caused by PGD.  A 

riveted steel section of the City Trunk Line was severely damaged at the toe of the 

lower San Fernando Dam as the pipe exits the ground to pier supports.   The unique 

conditions of pipeline transition from underground to above-ground, and deterioration 

from age and corrosion were most likely the main reasons for vulnerability to seismic 

damage.   Upon post-earthquake inspection, no evidence of PGD was found in the 

vicinity of the City Trunk Line leak, but Davis (2007) notes that evidence could have 

been obscured by ground erosion from the pipe leak.  The City Trunk Line leak was 

modeled as a 1, 451 l/s (23,000 gpm) leak, and attributed to TGD effects. 
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Figure B.4  Other Trunk Line Damage Locations (Shi, 2006) 
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Figure B.5  Other Trunk Line Repairs outside Van Norman Complex 
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APPENDIX C 

 

MODELING PROCEDURES FOR PUMPS AND TANKS AT HIGH 

ELEVATIONS 

 

 

The hydraulic network used in this study is based on the actual network used 

by LADWP for in-house analysis of their system.  At LADWP, the system is divided 

into several major regions for which simulations are run to analyze flows locally.  

Experts run and maintain the hydraulic network model for each region.  Experts can 

fine tune the smaller regions to model accurately the system configuration and 

operational characteristics.  The remaining portions of the system, outside the region 

being modeled, are represented by a system of virtual demands and virtual tanks that 

mimic the inflow and outflow (supply and demand) from the remainder of the system.  

 

For the purposes of this study, it was necessary to create a hydraulic network 

model that accurately represents the full LADWP system to evaluate entire system 

performance.  Many challenges were associated with trying to model accurately 

individual system components while maintaining realistic overall system performance.  

For example, fine tuning valve settings in one trunk line can yield precise local flows 

for a typical winter day, but flows in a nearby interconnected pipe line can then show 

unrealistic flows and, in turn, cause unrealistic behavior in other parts of the system.  

When working with smaller subsets of the system, as is done at LADWP, it is easier to 

fine-tune the hydraulic network model without causing adverse reactions elsewhere in 

the system.  The larger the system, the larger the potential for adverse/unrealistic 

effects due to a system change, and more effort is thus required to verify that the 
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remaining portion of the network is still functioning properly (i.e. more system to 

check).   

 

Many pump stations alter operational status based on associated system 

performance characteristics.  Limitations in current hydraulic network analysis 

software prevent the modeling of premise-logic-controls (PLCs) designed by LADWP 

to model the operational status of pumps.  PLCs are a complex set of rules designed 

for many of the pump stations that relate pump operational status with water levels in 

associated tanks, pressures at nearby nodes, the operational status of other pumps, and 

flows in nearby system components.   

 

Pump station configurations were set such that they produced average flows 

for a 24 hour period.  A study was conducted for the Mount Washington Pump 

Station, located in the central, eastern portion of the LADWP system.  A simulation 

was performed for a system where a simplified set of PLCs were manually added for 

the pump station, and compared with a simulation where the pump station had no logic 

rules associated with it.  (Note: EPANET can handle a few simple logic rules, but 

cannot run with logic rules for more than several pump stations at a time).   

 

Figure C.1 shows the results of two simulations 24 hours after a repeat 

Northridge earthquake scenario.  In one simulation, PLCs are included as a collection 

of simple logic rules for the Mount Washington Pump Station (i.e. PLCs are “on”), 

and in the second simulation PLCs are not included, (i.e. PLCs are “off”).   The 

simulation with logic rules shows that the Mount Washington pump station keeps 

pipelines in the area in service, whereas without the logic rules, the pump station does 

not perform at the necessary level to keep the area in service.  This study reveals that a  
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Figure C.1  Simulation Results for Mount Washington Pump Premise Logic Controls 

Off and On 

 

more accurate modeling of pump stations can be achieved with the inclusion of PLC-

type rules to control the operational status of pumps.  Incorporation of specialized 

logic controls for more accurate pump station simulation is recommended in the 

concluding chapter of this work. 
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APPENDIX D 
 
 

SIZE DISTRIBUTION OF PIPELINES IN LOS ANGELES AND NEW YORK 
CITY WATER SUPPLIES 

 
 
 

 

Figure D.1  Pipeline Diameters in the NYC and LADWP Water Systems 

 

Statistics from 2002 were compiled for the composition of pipeline diameters 

in the LADWP (Jeon, 2002) and NYC (Chapin, 2001) water systems.  The LADWP 

and NYC water systems contain approximately 11,633 km (7,228 mi.) and 6.134 km 

(9,872 mi.) of pipeline, respectively.  As shown in Figure D.1, the majority of 

pipelines in both systems are distribution pipelines, with diameters less than 400 mm 

(16 in.).  88% of the pipelines in the LADWP water supply system (Jeon, 2002) and 

82% of pipelines in the NYC water system (Chapin, 2001) have diameters less than 

400 mm (16 in.).  Only 12-20% of all pipelines for both systems have diameters 

greater than 610 mm (24 in.), indicating they are part of the trunk line system. 

 

As discussed in Chapter 4, expertly modeling pipelines with diameters less 

than 400 mm (16 in.), which populate the distribution systems, would involve the 
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construction of hydraulic network models for 82-88% of the pipelines, or on average 

8,000 km (4,971 mi.) of pipelines for each of the Los Angeles and NYC systems. 
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