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Preface

The Multidisciplinary Center for Earthquake Engineering Research (MCEER) is a national
center of excellencein advanced technology applications thatis dedicated to the reduction of
earthquakelosses 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. Significant 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 figure 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, requlation 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 flow 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 influenced significantly 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 influence 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
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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 developecavaluate the performance
of large, geographically distributed networks dgrearthquakes (Duke and Moran,
1972). There are six principal lifeline systemigctic power, gas and liquid fuels,
telecommunications, transportation, waste disposald water supply. Taken
individually, or in aggregate, these systems atenately linked with the economic
well-being, security, and social fabric of the coomiies they serve (O’Rourke,

2007).

A water supply is one of the most important lifelisystems. It protects
virtually all buildings and facilities from fire,nderpins basic residential services and
household functionality, and supports most commaérand industrial operations.
Concomitantly, water supply damage can physicallypdemmine and disrupt
neighboring lifeline systems. Water supply damageparticular, has been used to
illustrate the concept of cascading damage, wheddgage and loss of function
propagate through several lifeline networks. Foanegle, failure of a single water
main in the Garment District of New York City (NYQ@lpoded an electric power
substation, causing serious fires, cutting off tleity in mid-town Manhattan,
interrupting telecommunication services, shuttimmyvd a large part of the subway
system, and generating millions of dollars of irdireconomic losses due to business

disruption (O’Rourke, 1993). In such cases, thgaindamage propagates through



loss of operability in large parts of interdepertdeystems until there is a pervasive

loss of critical infrastructure service with seispuegional economic consequences.

It is well known that water supplies are vulneratdeearthquakes. There has
been extreme damage to water supplies during prewearthquakes, such as the 1906
San Francisco (e.g., Schussler, 1906; Manson, 198son, 1908; Scawthorn, et al.,
2006), 1971 San Fernando (e.g., Steinbrugge, el @r1; Subcommittee on Water
and Sewerage Systems, 1973; Eguchi, 1982), and N@@ridge (e.g., Lund and
Cooper, 1995; Hall, 1995; Eguchi and Chung, 1993RcoOrke, et al., 2001)
earthquakes. Moreover, there has been extensseaneh focused on the seismic
modeling of water supply systems (e.g., Eguchglgt1983; Ballantyne, et al., 1990;
Khater and Grigoriu, 1989; Markov et al., 1994;r#fzuka, et al., 1981, 1992, 1998;
Hwang, et al., 1998; Chang, et al., 2000a; Wan@62&hi, 2006; Shi, et al., 2006;
and Wang and O’Rourke, 2007).

Most recently, research by Shi (2006) and Wang §20tas resulted in a
comprehensive modeling process for the seismicopednce of water supply
systems, using the Los Angeles Department of WatdrPower (LADWP) system as
a test bed. As illustrated in Figure 1.1, the LABW&¥stem contains nearly 12,000 km
(7,456 mi.) of trunk and distribution pipelines, kivay it the second largest U.S. water
distribution network. It serves about 4 millionopée, and is highly vulnerable to
risks that threaten its sustainability. Los Angeigs experiencing fast growth in a
relatively arid climate, with high water use pepita. It depends on imported water
for 87% of its supplies from areas that are indregg susceptible to drought, and by
way of a small number of transmission and aquedystems that are vulnerable to

earthquakes, landslides, and human threats. Asrsio the figure, approximately
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Figure 1.1 LADWP Water Distribution System



40% of the LADWP water comes from the Californiat8tAqueduct, 35% from the
Los Angeles Aqueducts, 13% from the Colorado Rikgueduct, and 12% from

groundwater wells.

The modeling methodology developed by Shi (2006) &vang (2006) is
generic, and the architecture of its computer @ogyis adaptable to any water supply
or simulation of extreme event. The methodologyksdon conjunction with an easily
accessible hydraulic network model, EPANET, whishavailable on-line from the
U.S. Environmental Protection Agency (EPA, 2008)well as a special program for
damaged network flow modeling, known as Graphitaklive Response Analysis for
Flow Following Earthquakes (GIRAFFE). Details tve development and evaluation
of GIRAFFE are provided by Wang (2006), Shi (20(&)j, et al., (2006), and Wang
and O’Rourke (2007).

The model developed for the LADWP water supply dates all 11,633 km
(7,228 mi.) of water trunk and distribution pip&#and related facilities (e.g., tanks,
reservoirs, pressure regulation stations, pumpostat etc.) in the LADWP system.
The decision support system accounts for the agtgdgseismic hazard in Los
Angeles through an ensemble of 59 scenario earkegua The 59 scenario
earthquakes also provide a library of seismic stesiafrom which engineers can
select specific scenarios or combinations of séesdo assess system performance.
The decision support system works with risk andabdity assessment tools to
provide metrics of system performance. The compsitaulations account for the
interaction of the water and electric power sugplend model output can be used to

evaluate the regional economic and community ingpattwater losses. All system



input and output can be visualized through GIS widlvanced query logic and web-
based features. The simulations are dynamic ie,tiamd can account for loss of
service as tanks and local reservoirs lose water tme through leaks and breaks in

pipelines.

The adaptation of water supply system simulatiomefglicate the effects of
extreme events other than earthquakes represente#t step in model development.
Broadening simulation capabilities to address mpldthazards requires additional data
from actual case histories. Such information heétpainderstand and quantify the
interdependencies among water supplies and othecatrinfrastructure systems.
O'Rourke, et al., (2003, 2005a, 2005b, 2005c) descrthe interdependent
performance of the NYC water supply, fire protectioelectric power,
telecommunications, natural gas, and steam systieinisg the World Trade Center
(WTC) disaster. The information presented in thesgblications and the databases
collected during the associated investigations iplean excellent basis for a more

comprehensive assessment of water supply perfoerduring extreme events.

A decision support system (DSS) is a computer-baséormation and
modeling system that works interactively with useraddress unstructured problems
for strategic planning, management, and opera(ibngan, 1995). The DSS benefits
from an iterative, or evolutionary, process wheralsers provide feedback that
influences the DSS development (Sprague and Wats889; Keen, 1980). By
providing a framework for quantifying the effect$ water losses on emergency
responders, regional businesses, and service arghborhoods, the DSS is able to
expand the scope of decision making beyond theneegng and operational

applications that have been the traditional fodusaier supply modeling.



Although Shi (2006) and Wang (2006) developed apretmensive modeling
process for the seismic performance of water sagpliadditional modeling
refinements are needed for successful integratitma functional DSS. Refinements
include improved time-dependent modeling, updatesystem characterization, and
the inclusion of all potential sources of earthquaksruption, including damaged
tanks and reservoirs. The final stage of DSS dgweént requires the use of post-
earthquake water supply simulations to make reaistms about unbounded

management problems.

Recently, researchers have created models thatslskem reliability and
serviceability assessments to regional economicaatsp (Bruneau, et al., 2003;
Chang, et al., 1996, 2000a, 2002; Rose and Lia@3;26hinozuka, et al., 1998). For
example, Chang, et al., (1996, 2000a, 2002) hawrshibrough system simulations
how water distribution damage is tied to regionabremic impact through a
methodology that correlates water losses with aoéa&conomic activity, adjusts for
business resiliency, and accounts for direct amlirent economic losses. Indirect
economic losses were initially estimated with InQuitput analysis (Rose, et al.,
1997). More recently, Rose and Liao (2005) havauated the regional economic
consequences of earthquakes, regulatory failuresd, terrorist attacks utilizing
information on water supply disruption in conjuectiwith a Computable General

Equilibrium (CGE) model of Los Angeles County.

Although Shi (2006) and Wang (2006) developed mpehensive modeling
process for the seismic performance of water segpliadditional modeling
refinements are needed for successful integratitma functional DSS. Refinements

include improved time-dependent modeling, updatesystem 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.

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 tleport 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



as telecommunication and transportation lifelines evaluated. Hydraulic network
analyses are performed to quantify the performarideose and pumper truck relays
from fireboats to the WTC site, and the resultshef analyses are used to recommend
tactical improvements in firefighting with marinewsces of water. The performance
of the fire protection system during the WTC disast compared with fire protection

system performance during the 1989 Loma Prietdhgaaike.

1.2.2 Mode Improvementsand Validation

Models have been developed by Shi (2006) and Waag6) for the 2002
LADWP water system. Those models are able to sgotetime dependent changes in
system performance in only an approximate way. Heneodel improvements are
required to represent time-dependent system responsa more robust manner.
Additional improvements are required to update ey models to conditions that
better reflect the current system and to intega#iteources of earthquake damage into
modeling and DSS capabilities. Finally, the LADW§Rlraulic network model needs
to be validated by comparison with system perforreatiuring an actual earthquake.
Improvements in the hydraulic network model haverbenade as part of this work,
including incorporation of an accurate time-depemdgmulation of reservoirs and
tanks, upgrade to 2007 LADWP system conditions, iatebration of stochastic and
deterministic modeling techniques for all sourckpaiential earthquake damage. The
resulting hydraulic network model and DSS are desd; and the model is validated
by comparing system simulation results with dethdéservations and measurements

of LADWP system performance during and after th@41Blorthridge earthquake.



1.2.3 Parametric Study of Seismic System Perfor mance

A hydraulic network model is sensitive to variouscidions about the time
increment and size of the model. Some of the riwoslamental questions involve
minimum time increment for reliable modeling ané tumber and type of pipelines
that need to be modeled. Additional variablesdafhg system performance include
the effects of permanent ground deformation (PQf2) teansient ground deformation
(TGD) on post-earthquake operability, as well as #ifects of certain modeling
characteristics, such as minimum negative prestalsrance, the percentages of
pipeline breaks and leaks associated with eartrejdaknage, and the characterization
of leakage in damage underground pipelines. Thislys presents a series of
parametric studies to explore the sensitivity ofstegpn response to these

aforementioned parameters.

1.2.4 De-Aggregation of System Simulation Results

The hydraulic network model embodied in the DSS tfeg LADWP water
supply accounts comprehensively for various soume®arthquake damage and
disruption. Earthquake effects can also be deesgdged such that the water supply
response is simulated for one source of disrugdiosmtime, or for any combination of
sources. System simulations are performed in thoskwor de-aggregated single
sources of damage associated with the Northridgamake, the combined effect of
multiple damage sources, and all sources of Nagkriearthquake damage. By de-
aggregating the damage, the most important sowfcdsruption with respect to lost

system service are evaluated and system vulndrabidire identified.



1.2.5 Application of Decision Support System

One of the primary functions of a DSS is to proviselutions for an
unbounded problem in a way that allows managersviduate different potential
outcomes and select the most appropriate measuregptove system performance.
This study applies the DSS to an unbounded probdénbADWP water supply
management involving the removal of three largemesrs from service because of
water quality requirements, and assesses the imgfacemoval on the potential
response of the water supply to a future earthqu&eulation results are presented
for conditions in which the reservoirs removed freenvice are 1) disconnected from
the system, and 2) reconnected on an emergency, lzasl their significance with

respect to storage capacity is discussed.

1.3 Scope

The work is divided into seven chapters, the fioft which provides
background and objectives of the study. Chaptiecdses on the performance of the
NYC water supply and fire protection system durihg WTC disaster, and assesses
water losses sustained by damaged water distribyijeelines. The impact of water
system disruption on emergency response and therpance of telecommunications
and transportation infrastructure are also expthinelydraulic network analyses are
performed to quantify the performance of hose amuhger truck relay systems from
fireboats to the WTC site, and to provide guidaonehe most effective selection of
hose size, number of hose lines and pumper truaksuture use of fireboats for

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

earthquake.

Chapter 3 describes in detail a decision suppatesy (DSS) developed for
the seismic performance of water supplies, and emphted by LADWP. This
chapter also presents the results of the LADWP duldr network model calibration

and validation with respect to the 1994 Northriegethquake.

Chapter 4 discusses the importance of time anc soahydraulic network
modeling, and presents the results of parametudiest to evaluate the sensitivity of
the system simulation results to key variables.e pParameters investigated include
the choice of time interval for time-dependent egsimodeling, nodal demands from
distribution pipelines, the effects of permanenbugd deformation (PGD) and
transient ground deformation (TGD) on post-eartlkguabperability, minimum
negative pressure tolerance, the percentages efingpbreaks and leaks associated
with earthquake damage, and the characterizatid@atbige in damaged underground

pipelines.

Chapter 5 provides a description of the LADWP systmodel updated for
2007 conditions, and presents simulation resultsd&aggregated sources of actual
damage and disruption of service associated wifd I9orthridge earthquake. The
de-aggregated scenarios performed include the dbske Los Angeles Aqueducts
(LAAs), electric power outage, Northridge earthgmakunk line damage, and
Northridge earthquake tank damage. Simulationlte$or the combined effects of
these damage sources are also presented, as aetirslations including all sources

of damage from the Northridge earthquake.
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Chapter 6 provides an application of the DSS tauabounded problem of
water supply management involving the removal séreoirs from LADWP service,
and evaluates the effects of reservoir removalystesn performance during a repeat
Northridge earthquake. Simulation results are s for conditions in which the
reservoirs removed from service are 1) disconnedtedh the system, and 2)
reconnected on an emergency basis. The geogragibtdbution of system
performance is assessed, and the implicationseofe$ults are discussed with respect

to emergency planning.

The final chapter summarizes the research findargs presents conclusions

pertaining to the work. It also provides recomnagiahs 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 structtwliipse and building fire
damage associated with the World Trade Center (Wdis3ster (FEMA, 2002; NIST
2005) there has been comparatively little writtbow the effects on other parts of the
infrastructure.  O’Rourke, et al. (2005a, 2005b,0%f) 2006), for example,
summarized the consequences of the WTC disasteritoral infrastructure systems,
such as electric power, telecommunications, ancemwdistribution. Zimmerman
(2003) described the response and recovery of wariofrastructure systems after
September 11, 2001 (9/11), and drew attention & ribed for flexibility in both

physical and social systems as an important agfi@cmmunity resilience.

This paper focuses on the performance of the NY@mwsupply and fire
protection system during the WTC disaster. It dbss the NYC fire department and
water supply system, and provides an account ofitealepartment response to the
disaster. The water losses sustained by damagéer wistribution pipelines are
discussed and their impact on emergency responsk tae performance of
telecommunications and transportation infrastrectare explained. The results of
hydraulic network analysis are presented to quarnhé performance of hose and

pumper truck relay systems from fireboats to the GASite. The results of a
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parametric study of fire fighting relay systems swenmarized to provide guidance on
the most effective selection of hose size, numlbdrose lines and pumper trucks for
future use of fireboats for landside fire protestio The performance of the fire
protection system in NYC is compared with fire pagton system performance during
the 1989 Loma Prieta earthquake, and recommendato@ made for improved

emergency response from both a tactical and stcgpegspective.

2.2 FireDepartment of New York

The Fire Department of New York (FDNY) protects mdhan 8 million
residents in an area of 830 k(820 mf) (FDNY, 2005). The uniformed force consists
of more than 11,400 fire officers and firefightehs. addition, the FDNY includes
2,800 emergency medical technicians, paramedicssapérvisors assigned to the
Bureau of Emergency Medical Service (EMS), as wsll1,200 civilian employees
(FDNY, 2005). Figure 2.1 depicts the structure of the FDNY Comch&ystem,
which is organized into 9 divisions, each of whistsubdivided into battalions. On
average, a battalion will have 3 to 4 engine congsaand 2 to 4 ladder companies

(9/11 Commission, 2005).

Engine companies operate what are commonly refdoeas fires engines,
each of which is equipped with a water tank, puanmg hoses. The standard FDNY
engine is equipped with a 3,785 Ipm (1,000 gpm) pwmnd a 1,893 liter (500 gal.)
tank of water (PBS, 2005). An on-duty engine comypasually consists of an officer
and 4 to 5 firefighters (Smith, 2002).

14



FDNY Command System

Divisions Specialized Operations Command
9 total: 1 in Staten Island and 2 per
remaining boroughs

. Rescue Squad HAZMAT Satellite Field
Battalions C . C . C .
12 in Manhattan, 9 in Bronx, 16 in ompgmes ompanies 1 unit 5 units ommunications
Brooklyn, 9 in Queens, 3 in Staten 5 units, 7 units 1 unit
Island 1 per borough
Mobile Command Tactical High Rise Marine
Center Support 2 units Companies
i X . i 2 units,
Engme Ladder 1 unit 2 units 3 fireboats
Companies Companies
3-4 per battalion 2-4 per battalion

Figure 2.1 Structure of the FDNY Command Syst&mith, 2002)

Ladder companies operate larger trucks (sometiradsdchook and ladders)
with equipment that supports rescue operationsfa@mible entry. Ladder companies
are also responsible for the ventilation and owarb&a fire area to ensure there is no
heat or fire in the walls. An on-duty ladder comypaypically consists of an officer

and 5 firefighters (Smith, 2002).

The FDNY also has a number of Specialized Operat@ommand Units that
have had specific training in specialized tools aedhniques for emergency
situations. These include rescue companies, sgoiagbanies, marine companies, a
hazardous materials unit, satellite units, a fieldmmunication unit, a mobile

command center, tactical support, and high risésuni

On 9/11, there were 205 engine, 133 ladder, anda@ne companies on call

throughout the city. The marine companies of th¥NF maintain a fleet of 3

15



operational fireboats that can be used to fighhopater fires, supplement land-based

fire fighting, and perform rescue and transportrapens.

2.3 New York City Water Supply

The City of New York, through its Department of Eowmental Protection
(NYC DEP), delivers as much as 4.9 billion litets3(billion gal.) of water during the
summer to roughly 9 million people per day (8 rmiliNYC residents, 1 million
consumers in 4 upstate counties and nearly 100;066@muters and tourists) (NYC
DEP, 2005). The water system is composed of 1&rvess and 3 controlled lakes
which provide for 2,196 billion liters (580 billiogal.) of total storage capacity. Water
flows from 3 main reservoir systems: the Crotonjskili and Delaware Systems.
Nearly 97% of water distribution is driven by grgyiwith pumping required for the
remaining 3% (NYC DEP, 2005).

Figure 2.2 shows the water supply system southhefKensico Reservoir.
When water reaches the Hillview Reservoir, at avaion of 90 meters above sea
level, it has sufficient pressure to reach tfefléor of most NYC buildings without
pumping. From the Hillview Reservoir, water entense of 3 main city water
distribution tunnels as shown in Figure 2.2b. Qitynnel 1, commissioned in 1917,
carries water from the Hillview Reservoir to trulitkes in the Bronx and Manhattan.
City Tunnel 2, commissioned in 1938, carries wéttem the Hillview Reservoir to
trunk lines in the Bronx, Queens, and BrooklyntyQiunnel 3, which has been under
construction since 1970, will involve nearly 96 K60 mi.) to service areas in the
Bronx, Manhattan, Queens, and Brooklyn. Figurenglicates the completed phases

of Tunnel 3, as well as those currently under gotibn and planned for future
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Figure 2.2 New York City Water Supply System witlater Tunnels 1, 2 and 3
(NYC DEP, 2005)

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

complete dewatering and repair of either City Tusdeor 2.

City Tunnel 1 is the backbone of supply for 90%tloé water consumed in
Manhattan. The tunnel is about 183-213 m (600-fQ0below street surface and
transmits water to the distribution pipeline systimough riser shafts. The shafts are
equipped with regulators to decrease pressurddeeh compatible with the capacity

of the distribution pipelines.
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The water distribution system within NYC is compadsef approximately
10,934 km (6,800 mi.) of pipelines, 75% of whicle aast iron mains mostly installed
before 1950. The remaining 25% of the system actild iron pipelines installed

after 1970 (Chapin, 2001).

2.4 Fire Department Response

The FDNY response to the WTC disaster involved iBggpal operations: 1)
rescue activities based at the WTC towers, 2)ifjneihg with water from hydrants,
mainly, but not exclusively, on the eastern sidethef WTC site, and 3) fireboats
pumping water from the Hudson River to deliver wate the western side of the

disaster area.

24.1 Land-based Response

Figure 2.3 is an aerial view of the WTC site beftite collapse of the twin
towers, which shows the locations of key buildingsolved in the land-based
response of the FDNY. The FDNY response to thé& @tfack began shortly after the
first plane crashed into WTC 1 at 8:46 am. By 9a00, 21 engine companies, 9
ladder companies, 4 elite rescue teams, 2 squag@aioes, and the hazmat team and
its support staff had been dispatched to the sc¥ileen the second plane hit WTC 2
at 9:03 am, further units were dispatched and B¢ &@m nearly one third of all FDNY
units had been dispatched to the WTC site (9/11 i@ission, 2005). This was the
largest emergency response event in FDNY historgluing over 1,000 firefighters

(NIST, 2005).
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FDNY command posts were set up in the lobbies ofOMT WTC 2 and the
Marriott Hotel (WTC 3), and in the first floor ofuiddings at the corner of Vesey and
West Sts. and West and Liberty Sts. Although thiengry objective of the response

was rescue, there was substantial effort focusdde@suppression and containment.

The majority of fires occurred on the eastern siflehe WTC Complex,
primarily in WTC 4, 5 and 7. Firefighters ran hedeom trucks and hydrants on the
eastern side of the site to combat these firesteMfaessures at hydrants adjacent to
the WTC complex declined throughout the day dudosses from water mains
ruptured by the collapse of the towers. In therafton of 9/11, the decision was

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

24.2 Marine Response

Fires on the western side of the WTC area werehfopgmarily with water
pumped from the Hudson River, which is two to thoeecks from the WTC Complex.
The FDNY dispatched all 3 in-service fireboatsyed as one that was in the process
of being dry-docked for maintenance. The accoohthe activities of each boat on
9/11 and the days following were obtained througkrviews with Marine Company
firefighters who were involved in the responsegure 2.4 illustrates the travel routes
of the fireboats on the morning of 9/11. Figurg @epicts the tie-up locations of each

fireboat and the hose and pumper systems extetwlivayds the WTC area.
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2.4.2.1 McKean

As shown in Figure 2.4, the John D. McKean, mairgdiby Marine Company
1, left its berth at Bloomfield St. when it recaeivenformation about the first plane
crash at approximately 8:48 am. The McKean arrate@ibany St. within 12 minutes
of the first plane crash and before the secondeplahWTC 2. The McKean made
two trips across the Hudson to Jersey City to @elpeople to safety. Approximately

200 people were transported to New Jersey on otleesé trips.

As shown in Figure 2.5, the McKean returned taupeat Albany St. at roughly

10 am. Firefighters ran eight 89 mm (3.5 in.) hiases and one 127 mm (5 in.) hose
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line through the streets towards the WTC area.sé@&fiees pumped continually for the
first 1.5 days. For the next 2 to 3 days, fiver8® (3.5 in.) supply lines were used,
and only three lines were used as needed in substedays. Most lines were directed
down Liberty St. to an engine pumper at the coafdiiberty and South End Avenue,
and then on to the WTC site. Another line was olgpd for firefighting near the
corner of West Side Highway and West Thames Str¢Rkopf, 2005). The McKean
crew estimates that pumps operated for 386 hoora Beptember 11 to 28. In the
first 3 days following the disaster, the fireboatnped continuously, and then pumped

as needed for the remaining 15 days.

2.4.2.2 Firefighter

The largest fireboat in the fleet, the Firefightenaintained by Marine
Company 9, left Staten Island and arrived at Veé&eyapproximately 1 hour after the
first plane crash (see Figure 2.4). The Firefightiel not transport victims to New
Jersey. As shown in Figure 2.5, it tied up neaseyeSt., and ran lines from the boat
towards the WTC area. The Firefighter did not fudepumping capacity, and only
operated 2 of its 4 pumps, for a pumping capacftyd 86854 Ipm (10,000 gpm).
Records show that 3 hose lines were used to comatgr from the Firefighter,
including two 127 mm (5 in.) and one 89 mm (3.5 giameter hoses. Initially, one
engine pumper was deployed at the corner of VemdyVdest Sts. to run water into
the Verizon Building. In the 24 hours followingetidisaster, 3 additional pumper
trucks were deployed between the Firefighter aedotimper at West and Vesey St. to
convey additional water to the Verizon Buildingt id estimated that the Firefighter

pumps operated for 255 hours.
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2.4.2.3 Kane

The fireboat of Marine Company the Kevin C. Kane, was undergoing repairs
at the time of the 9/11 attack, but by 10 am tlest, the Kane was put back in service
and dispatched from Pier G at the Brooklyn Navydyas shown in Figure 2.4. Like
the McKean, the Kane made two trips between thetomest side of Manhattan and
Jersey City to transport civilians to safety. Aswn in Figure 2.5, the Kane tied up at
North Cove at approximately 10:45 am and ran hosesIthrough Winter Garden
towards the burning WTC area. The Kane and Smbladtdrnated pumping duties
while the other boat returned to the Brooklyn Na\ard to be ready to respond should
an attack in another area arise. The FDNY Maringsi®dn estimates that the Kane

pumps operated for 244 hours.

2424 Smokell

The Smoke Il was within 15 minutes of having itsimshaft disconnected for
maintenance work at the Brooklyn Navy Yard when W&C attack occurred. The
Smoke Il was brought back into service and arri@etlorth Cove within 15 minutes
of the first plane crash. Its travel route is shaw Figure 2.4. The Smoke Il made
one trip to Jersey City transporting victims, ahdrt alternated pumping duty and in-
service duty with the fireboat Kane. It is estigththat the Smoke Il 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 td@nhattan surrounding the
WTC complex in which the locations of damaged watains are shown. There were
about 10 locations of ruptured water mains withie tisaster area. Damage was
caused primarily by direct impact from collapsirtgustures and falling debris. All
locations of damage in Figure 2.6 were at main30&f (12 in.) and 500 mm (20 in.)
nominal diameter, with the exception of a 400 mré i) diameter main that was

abandoned within the WTC site.

As discussed previously, water pressures declinedtd losses through the
ruptured mains, hampering the activities of firefgys. Measurements at 6 pm
disclosed that water pressure two to three blogks the WTC site had declined to a
level approximately one third of that under norrd@lv conditions. From about 6 pm
to 2 am, NYC DEP personnel shut gate valves irptpeline network surrounding the
site to isolate damaged pipelines from the resthefsystem. Isolating the broken
mains restored pressure in the intact system autdid perimeter of closed gate

valves.

The gate valves and isolated pipelines are ideatifn Figure 2.6. The area of
the isolated water distribution system was apprexéty 0.8 kmi (0.3 mf). As
pointed out by O’Rourke, et al. (2003), large arehthe gas and steam systems, 1.2
km? (0.5 mf) and 3.4 krh (1.3 mf), respectively, were likewise isolated after the
WTC disaster. Although physical damage to wates, gand steam pipelines was
confined principally to the area of debris impagtreunding the WTC complex, the

extent of damage at the time of the disaster waaawn. Consequently, conservative
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decisions were made about the size of the isolatmmes. One to two weeks were

required for restoration of most or all of the &ed zones.

Four riser shafts for Water Tunnel 1 in lower Mattdua provide water for the
distribution system that serves the WTC area anarbyeneighborhoods. Flow
measurement records at each shaft were combinptbttahe hydrograph in Figure
2.7. As discussed previously, the shafts are @egdipwith regulators so that the
hydrograph represents a relatively accurate assegsoh flow at constant pressure.
Various times are labeled on the hydrograph to n@gél highs and lows of the flow

record.

The normal flow cycle for lower Manhattan is simita that of other urban
centers. Minimum daily flow occurs typically betave3 and 4 am, with peak daily
flow at about 9 am. As depicted in the figure, flosv was rising to its daily peak
when the WTC1 and WTC2 were struck at approxima@&W6 and 9:03 am,
respectively. Water usage declined to 100 Mgd/MIf® (70,000 gpm/264,979 Ipm)
as daily patterns of use were interrupted untiB%Bn when the WTC2 was struck.
Losses from ruptured water mains associated wahctilapse of the WTC2 led to a
rapid increase in flow of about 55 Mgd/208 Mid (B&) gpm/143,846 Ipm) for a total
155 Mgd/587 MId (108,000 gpm/408,825 Ipm). The flowreased gradually by an
additional 1.4 Mgd/5.3 Mld (5,000 gpm/18,927 Ipnfdea 10:20 am as fire fighters

drew water from hydrants surrounding the site.

An independent assessment of water drawn from idteldition system was

made by interviewing deputy fire chiefs, who wemecommand on the eastern and

western sides of the WTC complex. The chiefs vedale to identify hydrants, hoses,
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September 11, 2001

and fire engines used at the site from which it estimated that approximately 4,500
gpm/17,034 Ipm were being drawn from the waterribistion system. Hence, the
estimate obtained from fire department commandedsthe rate shown by the flow

measurements are in reasonably good agreement.

25.1 Collateral Damage

Water from the ruptured pipelines flowed into thelerground sections of the

WTC complex and flooded the Port Authority and Bdfudson (PATH) tunnels

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

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

elevation than the WTC Station, was also flooded.

Water flooded the cable vault of the Verizon Builgliat 140 West St., where
70,000 copper pairs and additional fiber opticdih@d been severed by falling debris.
Nearly 41,600,000 liters (10,990,000 gal.) of wdtad to be pumped from the vault
during recovery. The seventh and ninth floors hed telecommunications building

also sustained water damage.

The capacity of the telecommunications office & West St. had been one of
the largest in the world. The building housed faligital switches, 500 optical-
transport systems, 1,500 channel banks, 17,00@abdtber lines, 4.4 million data
circuits, and 90,000 message trunks. As a re$ulteodamage and flooding, Verizon
lost 200,000 voice lines, 100,000 private brancbhexge lines, 4.4 million data
circuits, and 11 cell sites. More than 14,000 hess and 20,000 residential customers

were affected.

2.6 Hydraulic Network Analysis

Hydraulic network analyses were performed to helplieate the actual water
flow from fireboats to the WTC site and to perforemparametric study of the
important variables influencing water relay systelugng an emergency. The first of
these analyses involved the collection of informatabout the actual deployment of
fireboats and firefighting equipment. Reports el by FDNY personnel and
interviews with Marine Division firefighters on dutduring 9/11 were used to

determine the number of hose connections per faebwmanifold, sizes and
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deployment of hoses, number and location of puntpeks, truck characteristics,
pumping duration at each boat, and approximate eurahd type of hand lines to
spray water at the WTC site. Where possible, itifarmation was supplemented by
aerial photographs that were used to identify aodnt the number of hose lines

originating at the fireboats.

Interviews with firefighters disclosed that thevere difficulties experienced
with access to fittings for connecting the firebaanifold with hose lines as well as
connections between hose lines of variable dianatdrvarious engines deployed to
the site. Fireboats were equipped with a variétyose sizes and hose couplings, but
in some cases firefighters ran short on hose cogplheeded to extend larger diameter
89 mm (5 in.) hose relays. This caused a delageiting up the hose relays as
firefighters searched other fireboats and fire keuior necessary couplings. A greater
number of larger diameter hose lines might have loleployed from the fireboats had

an adequate number of hose sizes and correspormlipgjngs been on board.

The basic deployment of hose lines and relay systesing the fireboat
Firefighter as an example, is shown schematicall¥figure 2.8. The fireboat drew
water from the Hudson River via two, 37,854 |pm,(0® gpm) pumps. Water was
pumped to a manifold on the deck of the boat thatjuipped with multiple outlets for
hose line connections. Hoses were connected tm#mgfold, and the hose lines were
run towards the WTC site. Fire engines equippedt @785 Ipm (1,000 gpm) pumps,
called pumper trucks, were integrated into the heay to provide a boost in
pressure. At the end of the relay system, smdllmeter hoses with nozzles, called
hand lines, were used by firefighters to spray wafeo model the hydraulic flow in

this system, the computer program EPANET was u&RIANET is a Windows-based
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software program distributed by the Environmentaltétion Agency (EPA) for the
simulation and analysis of flow and pressures idraylic distribution networks. In
essence, the program solves a series of nonlirgpaetiens for the continuity of
incompressible flow and conservation of in presmdipipeline networks. Various
parameters are required to model the flow, inclgdhose diameter, length and
coefficient of friction, changes in elevation withithe system, and pump
characteristics.  Table 2.1 lists the fire protctisystem components and
characteristics necessary to model a fireboat hogdepumper system. The pumping
characteristics of both the fireboat pumps and prmtpucks were modeled by one
point pump curves. This modeling method is commarded for water distribution
systems and uses the flow and pressure at a knomhtp estimate the head versus
flow characteristics of the pump (Armando, 1987AER005). The rated flow and

pressure associated with the fireboats and pumpeks were obtained from FDNY
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Marine Company Officers (Farrenkopf, 2005). Theragting flows and pressures for

each fireboat and the pumper trucks are listechiold 2.1.

The manifold that enables the distribution of wafterm the fireboat into
multiple hose lines was included as a 1.5 m lon§.}%ipe with 208 mm (8 in.) ID,
and frictional coefficient of 130. The elevatiohtbe manifold was determined based
on the tie-up location of the fireboat. Relay roggere 89 mm (3.5 in.), 127 mm (5
in.) or 178 mm (7 in.) ID, and lengths varied beqwes0 and 300 m (200 and 1000
ft.). Elevations were determined from a GIS byrtay@ng hose paths with a digital
elevation map of Lower Manhattan. The lines usedevsmooth, rubber-lined hoses,
so a frictional coefficient of 150 was used. Hdinds are smaller diameter hoses that
can be equipped with nozzles. Standard 64 mmi2.3D hand lines, 30.5 m (100
ft.) in length with a frictional coefficient of 15&ere used in the EPANET model.
Nozzles were modeled as virtually frictionless, rsthmses, 305 mm (12 in.) in length
and 35 mm (1.2 in.) ID, with a loss coefficientlgfto simulate water freely spraying
from the nozzle. The elevations of the originatamgl terminating nodes of the nozzle

were assumed to be constant.

Analyses were performed for the Firefighter usihg &ctual hose diameters
and distances, number of pumper trucks, and hawed lilepicted in Figure 2.8. The
Firefighter docked at Vesey St. and ran three lioge from its manifold, delivering
water nearly 340 m (1,115 ft.) inland. The ressahliswed that the Firefighter supplied
about 9,500 Ipm (2,500 gpm). Similar analyses wsgormed for the McKean,
Kane and Smoke Il. Figures 2.9 and 2.10 show tbee hrelay systems for the
McKean and Kane/Smoke I, respectively. The McKpamped water through nine

hoses from its manifold, and supplied the greatesbunt of water of the three
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Table 2.1 Summary of Hydraulic Network Componerits o

Fireboat/Pumper Truck Relay

Hydraulic Component | Modeling Characteristic

Fireboat Pump One point pump curve with rating3it 6s at 1.03 MPa
for the Firefighter and McKean; and 316 I/s at 1IMBa
for the Kane; and 126 I/s at 1.03 MPa for the Srloke

ID =203 mm, length = 1.5 m,

Fireboat Manifold and friction coefficient = 130

Pumper Truck One point pump curve with rating o1/63t 1.03 MPa
Hoses ID =89, 127, or 178 mm, and friction coéint = 150
Hand Lines ID = 64 mm, and friction coefficient 5Q

Hose Nozzle ID = 35 mm, length = 305 mm, and lasdffcient = 1

1mm=0.04in.,1m= 3.281ft., 11/s= 15.85 gpm

fireboat operations, roughly 13,250 Ipm (3,500 gpmlhe McKean was able to
deliver water as far as 640 m (2,100 ft.) inlanthe Kane and Smoke Il alternated
pumping duties, and together supplied about 4,660(L,200 gpm) via two hose lines
reaching approximately 275 m (900 ft.) inland. &< water unable to flow through
hoses and land-based equipment was dischargediriiacthe Hudson River without

specific measurement. Hence, the fireboat pumpeaprds do not provide an
accurate measure of water actually delivered to WAEC site. The FDNY did,

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

the hydraulic network analyses show 27,300 lpmQ@,8pm) of simultaneous flow

33



298 11, 89 mim fine 97 i 54 i e

200 iri, 89 riviy e )(Kgf w54 mm e
3, £9 mm lines, 205 m 137 m, 80 ram five ~ 91 m, 89 mr: fin
LT ~

Ef m, 64 mm line

2 80 fines, 253 py——— 140 m, 38 s e _( D5 m, 64 rem lino
E— \91 i G4 mim fins

| | 8f m, 64 mm iine

1 |
1, B e Zh3

Fireboat
McKean

| 30E rm, 8O mrn line [ | 97 s, 64 s Jine
2, 85 i fines, 253 xi_l L1
631 Lis
pump at 1, €8 riwrix line, D00 1t [ 97 m, 64 ram line
 E—
1.03MPa

|:| = Pumper Trucks

1mm=0.04in.,1m= 3.28ft.,, 1 MPa = 145.04 psi, 1 L/s = 15.85 gpm
Figure 2.9 Schematic of Hose and Pumper Systetdydraulic Network Modeling
of Fireboat McKean Flows to WTC Site

Fireboat
Kane/Smoke Il
line —
89 mm line — 69 M
|
89 mm line Pumper 89 o prov
316 L/s pump {Kane) Truck
126 L/s pump (Smoke 1)
At 1.03 MPa

[ wla wul
’I\ ’I

125 m 152 m

1mm=0.04in.,1m= 3.28ft., 1 MPa = 145.04 psi, 1 L/s= 15.85 gpm
Figure 2.10 Schematic of Hose and Pumper Systeidyfdraulic Network Modeling
of Fireboat Kane/Smoke Il Flows to WTC Site

34



for the three fireboat operations, which is abob%2less than FDNY’s estimate of

34,100 Ipm (9,000 gpm), based on pumping at amas3B80% of maximum capacity.

The fireboats were able to provide about 27,300 (p/200 gpm) compared to
the 17,000 to 19,000 Ipm (4,500 to 5,000 gpm) ofewavailable from hydrants
surrounding the site for several hours after theets collapsed. Marine-side water to

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

2.7 Parametric Analysis

A parametric study was conducted on a simplifiedehnetwork connected to
the Firefighter to evaluate the effects of hosengiger, number of pumper trucks, and
configuration of truck and hose line on the quantit water that can be conveyed to a
conflagration site. Figure 2.11 shows a schenwdtibis streamlined hose and pumper
system. Scenarios involving 89 mm (3.5 in.), 127 b in.) and 178 mm (7 in.) ID
supply hoses were considered with both two pumpertaree pumper trucks. The
number of 64 mm diameter (2.5 in.), 30 m long (#Q0hand lines was altered to find
the optimal configuration for each scenario thatpged the largest flow of water
while maintaining adequate nozzle pressures oftd B0 kPa (75 to 100 psi). When
feasible, an additional relay of hoses and pumupeks was added and the number of
hand lines was manipulated to achieve the optimehario. Figure 2.11 depicts one
hose relay with three pumper trucks, and Figur@ 2llstrates an example of two

hose relays with four pumper trucks.
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The results of the parametric study, summarizet@lable 2.2, show that hose
size has a major impact on the ability to supplyewanland from marine-side sources.
The total flow at a relay distance equivalent tat tht the WTC site is approximately
4,200 lpm (1,100 gpm), 15,150 Ipm (4,000 gpm) ab@B@0 Ipm (5,500 gpm) for the
89 mm (3.5 in.), 127 mm (5 in.) and 178 mm (7 i) hoses, respectively. In
addition, the parametric study indicates that twomnper trucks, rather than three,
represents the best deployment of resources. Wiie trucks there is only an
approximate 5 to 9% increase in the flow relatiwetitat supplied with two trucks.
With a 5-in.-diameter hose, for example, it is flolesto set up two relays in parallel,
each using two pumper trucks to move 7,900 IpmO@,§pm) for a total of 15,800
I[pm (4,000 gpm). Supplying an additional pumperckr in each relay actually
decreases the total flow to 14,550 Ipm (3,800 gpas),adequate nozzle pressure
cannot be maintained to support enough hand lioegennerate increased flow.
Similarly, a 178 mm (7 in.) diameter hose in tandeith two pumper trucks can
supply 10,225 Ipm (2,700 gpm) for a combined 20,456 (5,400 gpm) from two
parallel relays. The addition of a third pumpeeach 178 mm (7 in.) hose relay only
increases total flow to 20,960 Ipm (5,540 gpm)am @f less than 3%. The analytical
results show that none of the hose sizes are ab$igply water at an appropriate

nozzle pressure with three parallel relays.

The results of these analyses are helpful for eggratthinking about the
deployment of fire boats to fight land-based firess the results show, the principal
bottleneck in the distribution of marine-side watiinland fire sites is the hose size.
As the hose size doubles from 89 to 178 mm (3.bitn) in the parametric study, the
maximum flow at acceptable nozzle pressure inceeagefive-fold. Moreover, for

relay distances of approximately 366 to 396 m (@,201,300 ft.), two pumper trucks
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Table 2.2 Summary of Parametric Study for WTC lbose Pumping Scenarios

1 Hose Relay 2 Hose Relays
Hose No. No.
Size | Pumper Flow Pumper Flow
Trucks Trucks
3,899 Ipm
2 not feasible not feasible
(1,030 gpm)
35
4,500 Ipm
3 not feasible not feasible
(1,189 gpm)
7,934 Ipm 15,861 Ipm
2 4
(2,096 gpm) (4,190 gpm)
5
8,506 Ipm 14,551 lpm
3 6
(2,247 gpm) (3,844 gpm)
10,232 lpm 20,453 Ipm
2 4
(2,703 gpm) (5,403 gpm)
7
10,486 lpm 20,964 Ipm
3 6
(2,770 gpm) (5,538 gpm)

per relay represents the best use of scarce resoimcwater delivery.

2.8 FireProtection During 1989 L oma Prieta Earthquake

The most serious fire caused by the 1989 Loma &@restrthquake was
extinguished with the assistance of the San Freadtge Department (SFFD) fireboat

and special firefighting equipment, referred totlaes Portable Water Supply System
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(PWSS). Because of similarities with the WTC figeting operation, it is worth
reviewing the fire and fire suppression activitigssociated with the Loma Prieta

earthquake.

Descriptions of fire following the 1989 Loma Priet¢arthquake have been
provided in several publications (e.g., Scawthatal., 1992; O’'Rourke and Pease,
1992; and Scawthorn, et al., 2006), and only tHerdadetails are given here. The
most serious fire after the Loma Prieta earthqubkeke out at the corner of
Divisadero and Beach Sts. in the Marina District, iBustrated in Figure 2.13.
Because of damage in underground pipelines, inadequater was available from
nearby hydrants to fight the fire. The fireboatoBhix, operated by SFFD, was
dispatched from its berth at Pier 22% as showniguré 2.13 and arrived at the
Marina about an hour and 45 minutes after the relotk. The fireboat Phoenix has
the ability to pump 36,300 Ipm (9,600 gpm) at aspuee of 1.03MPa (150 psi) and
was the only fireboat operated by SFFD at the tiffiee fireboat tied up in the Marina
harbor (see Figure 2.13) and hooked up with spéasé tenders belonging to SFFD.
The hose tenders are part of the PWWS, which wademented for fire protection
only two years before. Each hose tender consisidrock with 1,525 m (5,000 ft.) of
127 mm (5 in.) diameter hoses, portable hydrams, special valves, which can
connect with fireboats, underground cisterns, &edunderground pipeline network to
provide an additional measure of flexibility undemergency circumstances. The
PWSS is now equipped with a portable, diesel-dripeimp that can draft water
directly from the bay with a pumping capacity 0530 Ipm (1,200 gpm) (Scawthorn,
et al., 2006).
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Figure 2.13 Travel Route and Tie-Up Location foeBoat Phoenix and Hose Line

Deployments after the Loma Prieta Earthquake
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Approximately 2 hours after the main shock, thestfiPWSS water was
directed to the fire by hose lines from Marina Bdown Divisadero St. Two more
hose tenders arrived to convey water by the rostesvn in Figure 2.13. The
maximum combined water flow to the fire was repadrés 23,000 Ipm (6,100 gpm)
(O’'Rourke and Pease, 1992), and the fire was bitougter control about 4 hours

after the earthquake.

2.9 Discussion

The WTC disaster provides a graphic illustratiortied interdependencies of
critical infrastructure systems. The building eples triggered water main breaks
that flooded rail tunnels, a commuter station, #redvault containing all the cables for
one of the largest telecommunication nodes in tbddy These included the Security
Industry Data Network and the Security Industry éknation Corporation circuits
used to execute and confirm block trades on theksexchange. Before trading
resumed on the New York Stock Exchange on Mondaptesnber 17, 2001, the
telecommunications network had to be reconfigurétence, ruptured water mains
were linked directly with the interruption of setti@s trading and the restoration of

international financial stability.

Water main performance frequently affects the dpmraof neighboring
infrastructure in crowded urban environments. &oample, a systematic review of
major infrastructure accidents in New York showsm&jor incidents involving cast
iron water main rupture and flooding from 1980-1998everal of these accidents

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

systems, such as those in New York City and Losefesy

Damage to water distribution pipelines surroundiig WTC site was
sufficiently severe that pressure losses from tepkivater mains interfered with
firefighting. Similar disruption of the water suppvas experienced after the Loma
Prieta earthquake when seismic damage of underdnoipelines deprived firefighters
of water needed to extinguish the Marina fire.b&ith cases, the loss of pipeline water
was compensated by water pumped from fireboatsattispd to the area of

conflagration.

Of particular interest is the use of special haselérs after the Loma Prieta
earthquake that were able to convey water rapidiynfthe bay. Since the Loma
Prieta earthquake, a number of cities vulnerableaidhquakes have adopted PWSS
concepts in fire protection systems. San Franciex® acquired a second fireboat,
Guardian, capable of pumping 1,600 L/s (24,000 gpnifireboat and PWSS
equipment have been acquired by Vancouver, BriGsihombia and the cities of

Oakland, Berkeley, and Vallejo, CA.

September 11 experience supports a similar strdtegxtreme events of non-
earthquake origin. Fireboat deployment and implaateon of PWSS concepts
provide options for supplying water under emergecmyditions. Water supply from
fireboats to land-based locations is especiallyargmt where significant damage to
the distribution pipeline system has occurred oemghthe capacity of the existing

pipeline system is limited.
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2.10 Conclusions

Water supply performance during the WTC disastedewscores the
importance of water supply systems in crowded udrarironments. Not only is the
water distribution infrastructure critical for fir@rotection and the support of
household and commercial activities, water main agencan rapidly cascade into
damage of nearby gas, electric, telecommunicatiand,transportation facilities with
substantial direct and indirect economic lossesatéWfrom ruptured water mains
during the WTC disaster flooded one of the commtdadrPATH tunnels, eventually
threatening Exchange Place Station in New Jersey, ffooded a vault with
telecommunication cables that carried financiahdaeded for securities trading on

the New York Stock Exchange.

The analytical studies and results described is thapter have important
tactical ramifications for fire protection duringxteeme events. Fireboats are
frequently equipped with high capacity pumps, walited for spraying water on
burning waterfront properties. When fireboats ased to pump water to shore, the
principal bottleneck in the conveyance system & hbse size. Hydraulic network
models with standard 89 mm (3 in.) hose lines anohger trucks show that the
maximum flow that can be delivered is only 10% o pumping capacity of a large
fireboat. The sensitivity analyses presented hesbiow considerable benefits from
deploying 127 mm (5 in.) and 178 mm (7 in.) diaméieses. Moreover, the analyses
also show that two pumper trucks per relay, as sg@do three, is a better use of
critical equipment when relay distances are inrimge of 365 m (1,200 ft.) to 400 m
(1,300 ft.).
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From a strategic perspective, fireboat deploymenind the WTC disaster and
the Loma Prieta earthquake were essential for athing fires. Estimated flows from
fireboat pumping records and hydraulic network wsed indicate that water supplied
from fireboats during the WTC disaster was appratety 150% of the water initially
available in underground pipelines. Moreover, flawd pressure in underground
pipelines network declined steadily during 9/11iluadt flow was shut off by isolating
the area of suspected damage from the rest of tebdtion pipeline network.
Experience in the San Francisco Bay Area during aftdr the Loma Prieta
earthquake reinforces the WTC experience, and dsirades that water can be
conveyed rapidly from marine locations for distanes great as 1 km (0.6 miles),

provided that appropriate planning and equipmegtis@tion 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 systeBSjDleveloped for the
seismic performance of water supplies, and impleaterby the Los Angeles
Department of Water and Power (LADWP). It confortmshe definition of a DSS as
a computer-based information and modeling systeat works interactively with
users to address unstructured problems for statpinning, management and
operations (Turban, 1995). The DSS is adaptivdgenefits from an iterative or
evolutionary process whereby users provide feedbéekt influences the DSS
development (Sprague and Watson, 1989; Keen, 198The conceptual and
organizational basis of the DSS follows the multdral framework for lifeline system
performance depicted in Figure 3.1, which is gdimgd from the framework

proposed by O’Rourke, et al. (2004) for the seisp@dormance of lifelines.

The framework includes five major components: hdgar system
characteristics, hazard/system interaction, syst&sponse, and consequences.
Hazards, such as earthquakes, floods, accidentgrthreats, and hurricanes can be
applied to a lifeline system. The effects of omgdrd can be evaluated, or the hazards
can be combined for an integrated hazard assessmfentshown in Figure 3.1, a
system is defined by both physical and operati@haracteristics. The interaction

between the hazard and water supply system is sesbder both above ground

45



facilities (e.g., tanks, electric power substatjopemp stations) and underground
facilities (e.g. pipelines). Fragility assessmearts performed for system components
to determine their post-event functionality, thusducing information about system
response and the changes in that response restritimgalterations of the system.
Such information is used by system managers foreasing pre-event resilience
through strategic planning, system improvementd, adjustments in daily operating
procedures. System response also has post-evesgquences, including emergency

operations, system restoration, community impau,ragional economic effects.

It is the post-event consequences that involve gheatest amount of
interaction among system operators, external orgéions, and the community
receiving service. By providing a framework foragtifying the effects of water
losses on emergency responders, regional businesskservice area neighborhoods,
the DSS is able to expand the scope of decisionngdieyond the engineering and
operational applications that have been the focusomventional water supply
modeling. A distinguishing characteristic of thes® therefore, is its ability to

address multi-institutional, economic, and socatdrs.

A special hydraulic network analysis software peawvgy Graphical Iterative
Response Analysis for Flow Following EarthquaketR@&FFE) was developed and
implemented in the DSS for the purpose of analyaiweger systems damaged by
earthquakes. GIRAFFE is built on the freely aud#aopen source hydraulic analysis
program, EPANET, developed by the Environmentatdtmn Agency (EPA, 2007).
Details of the development, capabilities and vaiaaof GIRAFFE can be found in
Shi (2006).
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Figure 3.1 Generic Framework for the Effects oz&tds on Lifeline System

Performance

Figure 3.2 shows a flow chart for GIRAFFE simulatichighlighting the
preprocessing, analysis and post processing stefAFFE simulation involves five
major modules: system definition, earthquake/systetaraction, system damage,
hydraulic network analysis, and compilation of fesu In the system definition
module, a user defines the physical and operatidmaiacteristics, topology, and pre-
earthquake water demands of the hydraulic netwoeingy analyzed. The

earthquake/system interaction module links permagerund deformation (PGD) and
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Figure 3.2 Flow Chart for Hydraulic Network Analy®f Water Supplies Damaged

by Earthquakes
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transient ground deformation (TGD), or seismic watfects, with the locations and
severity of damage to pipelines and water distidoutacilities (e.g., tanks, reservoirs,
regulation stations, etc.). Two types of pipelare distinguished: 1) trunk lines with
predominantly nominal diameteb,, > 600 mm that convey large quantities of water
from reservoirs to local distribution networks, a2)ddistribution lines wittD, < 600

mm that convey water mainly to residences and legsigs.

The earthquake/system interaction module adds daneagipelines and other
facilities, and characterizes the damage for hydranetwork analysis. GIRAFFE
provides two simulation options for system damatgterministic and probabilistic.
In a deterministic simulation, the user explicitiefines all damage that will be
imposed on the system, and GIRAFFE performs hydrandtwork analyses on that
damaged system. In a probabilistic simulation, &FARE uses a Poisson process to
simulate the occurrence of pipeline damage basedeismic demands and pipe
characteristics. As indicated in Figure 3.2, tlendged system is reconfigured to
remove portions of the system that have been 1kipaNy disconnected, and 2)
rendered hydraulically unreliable by the presenftensustainable negative pressures

identified by the hydraulic network analyses.

For the probabilistic simulation, GIRAFFE performaultiple Monte Carlo
simulations, each generating different damage swEna The user can specify the
number of Monte Carlo simulations to be performed,can allow GIRAFFE to
determine the number of simulations based on ateetfination algorithm that
automatically stops when convergence criteria Hasen met. The compilation of
results is performed, and the results displayet Wi aid of a geographic information

system (GIS) that shows the spatial distributiordafage and system functionality.
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Results quantified and visualized by GIS provide itiput for further simulations and
DSS treatment of emergency response, system rastgreegional economic effects,

and community impact.

3.2 System Definition

The characteristics of the water supply are inoc@ed in the hydraulic
network model that accounts for water sources,damdgservoirs, pipelines, valves,
pumps, pre-earthquake water demands, and topograffbcts on water pressure and
flow. As described above, GIRAFFE uses EPANET (ER®O7), which is readily
available on online and used in hydraulic netwarélgsis by many U.S. water supply

operators.

The LADWP hydraulic network model simulates 2,200 lof trunk and
distribution pipelines, of which 1020 km have 60thrm D, < 3800 mm, and the rest
have 300 mnx D, < 600 mm system. The remaining 9,800 km of sm@meter
distribution pipelines are not modeled explicithyt are instead represented by 1,052
demand nodes. The majority of demands are less GBd/s, indicating residential
consumption. Approximately 10% of the nodal densaace greater than 63 I/sec,
reflecting industry usage. Remaining model comptsenclude 103 tanks, 180
reservoirs, 436 valves, and 282 pumps. Reseraorsnodeled as having fixed head,
and the level does not change with time. Tanklg&\Vewever, vary dynamically and
are adjusted after each simulation time step basegither the initial water level and
tank diameter, or an associated curve that relatdsr elevation to the volume of

water available in the tank.

50



3.3 Earthquake/System Interaction

Earthquake/system interaction involves charactagizhe strong motion, or
TGD, for various scenario earthquakes that cancaffee water supply system, and
predicting the locations and characteristics of P@&[Qgered by liquefaction,
landslides, and surface fault rupture. Various ieicg) and analytical soil-structure

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

3.3.1 Scenario Earthquakes

An ensemble of 59 scenario earthquakes was devkltpeharacterize the
seismic hazards affecting the LADWP system (Le&glet2005). The ensemble can
be used to evaluate the aggregated seismic haparthé system, or individual
scenario earthquakes can be used to evaluate spetdarmance for seismic events

selected by the water supply operator.

The selection of scenario earthquakes follows dpproach proposed by
Chang, et al. (2000b) and Shinozuka, et al., (2003)vhich a select number of
scenario earthquakes are chosen to approximatagdpegated seismic hazard for a
lifeline network. The 59 scenario earthquakes waresen from the USGS 2002
dataset (USGS, 2005) as explained by Lee, et @05and Wang (2006) to include
earthquakes that generate ground motion that nwyfisantly affect water supply
performance. Each scenario earthquake is assdaiatie a moment magnitude, W
and specific fault segments or background earthgjusdurce areas identified by
USGS (2005), and is assigned an annual frequenocaifrrence. The cumulative

frequency of occurrence at a particular locationcadculated for all 59 scenario
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earthquakes by summing the annual frequencies ofirmnce, starting with the
highest or most severe seismic hazard, and plothiegcumulative annual frequency

versus the seismic hazard.

An annual frequency of occurrence, or seismic lthzaurve for spectral
acceleration with 5% damping at T = 1 seg;, Svas developed from the 59 scenario
earthquakes for bedrock motion at 56 sites througtiee LADWP system (Wang,
2006), and adjusted to match that of the USGS 2i@@&set at each of the 56 sites by a
multivariate, nonlinear optimization process. Ti®eahnual occurrence frequencies for
the 59 scenario earthquakes are the optimized blesiain this matching process.
Following the procedure proposed by Chang, e2&l0Qb), the annual frequencies for
the 59 scenarios are adjusted to match better tbb#ee full earthquake event set
compiled by USGS through the optimization proce$®e hazard curve for
representing the entire LADWP system is selectethioymizing an error function for
the sum of the differences between the system dazave and USGS 2002 dataset at
each of the 56 control points. The error functisnmeasured at 50 points with equal
weights, and 6 control points at critical resers@nd pump stations for which there is

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

3.3.2 Transient Ground Deformation

For each of the 59 scenario earthquakes, the geaid acceleration (PGA),
PGV, and spectral acceleration with 5% damping at0r2 sec (%2), and T = 1 sec
(Sa1) at equivalent rock sites, respectively, are gaieer at 572 points in a grid with
uniform separation of points and interval of 0.0&3gitude and latitude covering the

LADWP water supply system. Four attenuation relathips (i.e., Abrahamson and
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Silva, 1997; Boore et al., 1997; Sadigh et al., 729%nd Campbell and Bozorgnia,
2003) with equal weights are used to calculategitmind motion parameters, and
those parameters corresponding to the mean plas-ament standard deviation are
used in the analyses. The inter-event standardattl@v helps to account for

uncertainty in the earthquake source and magnitidean values are used from the
attenuation relationships because seismic waveomdtiroughout the entire LADWP

system should reflect average values associateld saismic path and rock site
conditions. In all cases, PGV is estimated frog u8ing the conversion equation in
HAZUS (FEMA, 1999) as:

_3864S,,

V= 3.1
P 330r G-

in which,V, is PGV in units of m/sec, and.Ss in units of g.

Site response is accounted for by using the GEscsihdition map for the Los
Angeles region (Wills et al., 2000) to determine MEHRP site condition coefficients
(FEMA, 2003), which are multiplied with the strongption parameters for equivalent
rock sites to obtain the surface strong motion patars at the 572 grid points
throughout the LADWP system. Ground motion contsunfaces are generated from
the grid values using local polynomial interpolatiprocedures in the GIS (Wang,
2006). As an example, Figure 3.3 shows PGV consaufaces developed for a
My6.9 Verdugo scenario earthquake, and Figure 3.4vshihe PGV contours
corrected for site conditions. Comparison of the figures shows site amplification

effects, especially southwest of the Verdugo Fault.
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3.3.3 Permanent Ground Defor mation

The approach currently adopted for the LADWP sysierno evaluate PGD
hazards and their effects on pipeline and facipgrformance on a scenario-by-
scenario basis, utilizing local expertise and thestmappropriate geotechnical
characterization and soil-structure interaction Igtieal procedures. Methods for
estimating PGD triggered by earthquakes and tHects on underground pipelines
have been proposed (ASCE, 1984; O’'Rourke, 1998;00rke and Liu, 1999;
Honegger and Nyman, 2004; Bardet, et al., 1999@9l4Pand applied on a variety of
lifeline projects to evaluate the seismic perforo@mf oil, gas, and water supply
systems. Many of these methods are directly apiplécfor evaluating the seismic
performance of water supplies. Some, like the nsogeoposed by Bardet, et al.
(1999a, 1999b), are especially attractive becausg ¢an be readily adapted to large,
geographically distributed systems through GIS.

3.4 System Damage

The system damage module determines the locations feow loss
characteristics of pipeline damage, post-earthqulakes at demand nodes, and the
hydraulic functionality of damaged facilities othdran pipelines. Each of these
processes is described in the subheadings thawfoll

34.1 Pipdine Damage

Pipeline damage is estimated with the aid of regpes developed from

previous earthquake records that correlate pipalapair rate,RR, defined as the
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number of repairs per km, with PGV. Investigatidmsve shown that the most
statistically significant regressions for seismandhge to underground pipelines are
those involving PGV (Toprak, 1999; Jeon, 2002).gurés 3.5 and 3.6 show the
regressions developed from post-earthquake repaiords and strong motion
recordings for water distribution pipelines deveddpby Jeon and O’Rourke (2005)
and for water trunk pipelines developed by O’'Roukdeal. (2004) and Wang (2006),

respectively.

To generate the locations of seismic pipeline damagbabilistically, it is
assumed damage follows a Poisson process with pgEh segment having a

probability of failure given by:
P(F), =1-e (™" (3.2)
in which P(F), is the probability of failure of pipe, andL, is the length of pipe.

Let Ly be the pipeline distance between thd)™ andk™ locations of damage.
The {L,, Lo, -3 Ly, ---} set consists of independent, exponential nandariables with
a mean equal td/RR (Sheldon, 2000) and is generated using a MontdoCar
simulation algorithm given by:

1
L, = —ﬁln(l—ul) (8.3

whereu; is a random variable which is uniformly distribditbetween 0 and 1. By

generating the interarrival distante repeatedly until the cumulative length exceeds

he total pipe length, one is able to simulate tlwations of earthquake damage. Since

57



Fit Equation (WSJ Steel Distr.):
log(Y) = 0.75* log(X) - 4.80

4
3]
2

— R- d = 0.81
= square
=
2 0.100,
T g ] o wWsJ
[7) 6 - Steel
E 2 ] Distr.
o 3 J Oc
o ool
£ 2
g A AC
= . [Fit Equation (CI):
- 0-0108 3 o log(Y) = 1.21 * log(X) - 6.81
o [ A R-squared = 0.85
\ 5 4 Fit Equation (DI):
= 4 4,7\ |log(Y)=1.84"log(X)-9.40
% 3 A R-squared = 0.74
o 2 - [Fit Equation (AC):
log(Y) = 2.26 * log(X) - 11.01
R-squared = 0.72
0-001 T T T T T T LI |
10 2 3 4 5 6789,
PGV (cm/sec)

Figure 3.5 Regressions for RR vs. PGV for Steeb{\Bteel Distr.), Cast Iron (ClI),
Ductile Iron (DI), and Asbestos Cement (AC) Distition Pipelines (Jeon, 2002)

10.000 5 10.000 3
] ¢ Cast Iron 3 Fit Equation (Concrete):
4 i T ] =25 - 12
1 Fit Equation (Cast Iron):o Ductile Iron 1 ]jll(Y)—_.Jngl(X) 12.11
J Ln(Y)=1.21Ln(X) - 6.81 | =083 « Concrete
r* =0.85 O Riveted Steel
- 1.000 E = 1.000 § 0O Steel
< ] <
4 Z
g 4 g
= )
-] o~
= 0.100 5 S 0100 4
s : ]
2 2
= = Fit Equation (Riveted Steel):
Z 0.010 g o 0.010 4 Ln(Y)=1.41Ln(PGV) - 8.19
~ . ~ E 2
Fit Equation (Ductile Iron): =084
Ln(Y)=1.84Ln(X) -9.40 Fit Equation (Steel):
£ =074 Ln(Y)=2.59Ln(X) -14.16
0.001 ——r—— 0.001 SN o1 - B——
10 100 1000 10 100 1000
PGV (cn/sec) PGV (cnv/sec)

Figure 3.6 Regressions for RR vs. PGV for (a) @ast and Ductile Iron Trunk
Lines, and (b) Concrete, Riveted Steel, and StaeikiLines (Wang, 2006)

58



the spatial distribution of simulated damage is ofemany possible outcomes, a
Monte Carlo simulation is run to evaluate a nundfeslamage scenarios sufficient to
acquire reliable statistics about the mean systerfopnance and its variability. A
minimum of 15 Monte Carlo simulations are perfornaeudl the mean and coefficient
of variation (COV) of the system serviceability exd(SSI) of the first 10 simulations
is compared with that of 15 simulations. If theigion is insignificant, i.e., the mean
and COV of the SSI with the additional five simidas are both within +0.02

difference when compared with those without the itamithl five simulations,

GIRAFFE concludes a sufficient number of Monte Gasimulations has been
performed such that representative simulation tesare generated. If the
convergence criteria are not satisfied, GIRAFFEI ywirform an additional five

simulations and re-evaluate the mean and COV gesllisers have the ability to set

the mean and COV convergence criteria to valuesratfan the default 0.02 setting.

Pipeline damage is classified as either a brealeak. In HAZUS (NIBS,
1997) it is recommended that 80% and 20% of eagkgulamage occurs as leaks and
breaks, respectively, under seismic wave effetteese percentages are close to those
used by Ballantyne et al. (1990) and Hwang et1898), who assumed 85% and 15%
leaks and breaks, respectively, for PGV-related adgerto cast iron pipelines. With
GIRAFFE, users have the ability to set the perggmdaf leaks and breaks to values
other than the default settings of 80% and 20%eetsvely.

3.4.2 PipeineBreak Simulation

Figure 3.7a illustrates how pipeline breaks are etetl in GIRAFFE

simulations. The broken pipe is completely disemted and divided into two
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segments. A fictitious pipe and reservoir arechitdl at each broken end of the pipe,
simulating water flowing into the surrounding soiCheck valves ensure that water
only flows from the broken pipe into the reservoikich are fixed at atmospheric

pressure to simulate the broken pipe being opémetatmosphere.

N7
Reservoly | Hegervoir Reservoir
Check Valve Check Valve Check valve
(a) Pipe Break (b) Pipe Leak

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

3.4.3 PipdineLeak Simulation

Figure 3.7b shows the pipe leak model, with whiedikhge is simulated by a
fictitious pipe open to the atmosphere, simulatedmempty reservoir with the same
elevation as the leak location. A check valve taiss flow from the leaking pipe in
one direction. The roughness and minor loss aweffts of the fictitious pipe are
taken as infinite and 1, respectively, such thia¢@érgy loss from the leak is related to

the minor loss.

Using Borda’s formulations for a sudden expandiorflow cross-sectional

area (e.g., Jeppson, 1976), Shi (2006) shows ttethydraulic head losgu/yw,

associated with leakage can be approximated by
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P 1

2 3.4
VY ZQAQ G4

in which p; is the internal pressure in the pipg,is the unit weight of wateqg is
gravitational acceleratiord; is the leak orifice area, ar@ is the water flow rate.
Equation 3.1 requires a ratio of leak to pipe cimsdional area less than 0.05 to be
accurate within 10% of the valid theoretical headsl Re-arranging Equation 3.4

results in

_ E 05 o 35
Q (ij Ap (3.5)

in which the flow discharge coefficier@p, is defined as,

05
o =(§J A (3.6)
Y
To validate the above relationship, data from fwetection sprinkler tests
(Puchovsky, 1999), covering a typical range oficeifareas, are plotted in Figure 3.8
with respect to the theoretical discharge coeffitsen Equation 3.8. The theoretical
and measured discharge coefficients compare falyorabd show that the measured

values are on average about 10% lower than thedtiesl predictions.

The pipe leakage aredy is specified for each leak occurrence, and this is
used to determine the diameter of the fictitiousepand thus the amount of water
leaking from the pipe. Shi (2006) categorized $eimko five major types pertaining to
joint pullout, round crack, longitudinal crack, &doss of pipe wall, and local tear of
pipe wall, and developed a set of empirical equistito estimate the leakage area

based on leak type, pipe material and joint pragert Table 3.1 shows Shi’s (2006)
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estimated probability of occurrence for the fivedetypes in pipes of different

materials. GIRAFFE allows users the option ofraitg these values for simulation

runs.
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Figure 3.8 Comparison Between Model Predictiords Syorinkler Data (Shi, 2006)

Table 3.1 Probability of Leak Types for Differd?ipe Materials

Pipe Typel Type 2 Type3 Type4 Type5
Matgrial Joint Round | Longitudinal| Local Loss of| Local Tear
Pullout Crack Crack Pipe Wall | of Pipe Wall
Cast Iron 0.3 0.5 0.1 0.1 NFA
Ductile Iron 0.8 N/A 0.1 0.1 N/A
Riveted 0.6 N/AL 0.3 0.1 N/A
Steel
Welded N/A! N/A? N/A? N/A! 1.0
Steel
Jointed 1.0 N/AL N/AL N/AL N/AL
Concrete

1: Not Applicable
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3.4.4 Post-earthquake Flows at Demand Nodes

Most distribution pipelinesl¥f, < 600 mm) are not explicitly modeled in a
GIRAFFE hydraulic network, but are accounted foralggregating them into demand
nodes in the system. Each demand node represepdst af a local distribution
system. To simulate damage to the distributionvagk, Shi (2006) developed
demand fragility curves that relate local distribatline damage (measured in repair

rate, i.e. number of repairs per kilometer) anditiceease in nodal demand.

The fragility curves were developed on the basislofite Carlo simulations of
flow in damaged local distribution networks in th&DWP system. The local
distribution networks are shown in Figure 3.9 aretevselected as representative of
different network topologies, pressure levels, ajbgraphic areas. Each local
distribution network contains both trunk and diaition pipelines. In the Monte
Carlo simulations, trunk lines were kept undamaged their flows were monitored
before and after distribution line damage occurr8dveral locations in the trunk lines
were sampled for each system, and the ratios of Before and after damage were
calculated to obtain the ratio of demand after éondnd before damage, which is
referred to as normalized deman. Linear regression analyses were performed on
the results of the Monte Carlo simulations to depdtagility curves relatingdD with

RR.

As explained by Shi (2006), the mean slopes aretdapts for these linear
regressions at 26 trunk line locations in 5 disttitin systems were evaluated by linear
regressions against the mean presgyref the distribution system with an error term

modeled as a Gaussian random variable. The comfdéntervals of the linear
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regression parameters were determined using cdomahtstatistical methods (e.g.,
Ronald, et al.,, 1998). The resulting linear regiwss follow the following

formulation:

ND =c(p) + m(p)RR (3.7)

in which c(p) and m(p) are the intercept and slope of the regressiomce3®R is
correlated with PGVIND can be assessed from simulated strong motionsagedeor

the scenario earthquakes.

Shi (2006) compared the confidence intervals ptedjcND derived from
analysis of 5 local distribution systems (labeledrigure 3.7 as 1449, 1000, 579, 448
& 462, and 426) with linear regressionsND vs. RR for a sixth local distribution
system (labeled 205 in Figure 3.9) and showedahdhe new regression were within
the 90% confidence level. As an example, Figuli® 3hows the linear regressions
for local distribution network 426 relative to tmean, 68%, and 90% confidence
intervals of the predictive model. The local dmition network regressions for
system 426 fall mostly between the mean and 68%idaente limits. The 90%
confidence limit sets an upper bound on the regreskta from all six distribution
systems, and is used in system simulations for igiied local distribution

performance.

The fragility relationships betweddD and RR were developed for winter
demand conditions, which must be adjusted for sumdenand. Appendix A
provides a simplified method for adjusting the fliag relationships to reflect

alternative demand states.
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3.4.5 Facility Damage

Fragility curves are developed from the observethgaake performance of
facilities such as tanks, reservoirs, regulaticatichs, chlorination stations, special
valves, and fittings. The fragility curves for kan for example, were developed for
the different types of aboveground tanks used bpW: steel, unanchored concrete,
and anchored concrete. Two damage states areedefiartaining to 1) relatively
minor to moderate damage for which the tank remuinstional for at least 24 hours
after an earthquake, and 2) severe damage for whé&hank is non-functional for 24
hours after an earthquake. The functional damtaje sorresponds to damage states
1, 2 and 3 as defined in HAZUS (FEMA, 2006), anel tlon-functional damage state

corresponds to HAZUS damage states 4 and 5.
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For steel tanks, the fragility curve proposed byR@irke and So (2000) is
used. This curve was developed by reviewing teerds of seismic performance for
400 tanks in 9 separate earthquake events, ansifglag them according to HAZUS
damage states. Figure 3.11a shows the probabilitgnk damage as a function of
PGA, which was developed by a lognormal fit to tfaa for all tanks with damage
equal to or exceeding HAZUS damage state 4. Abkown in the plot are the 90%

confidence bounds and pseudmf the data.

HAZUS fragility curves for unanchored and anchocedcrete tanks are used,
corresponding approximately to pre- and post-195Gstructions. Figure 3.11b shows
the fragility curves used in GIRAFFE for steel arahcrete tanks. HAZUS fragility
curves for unanchored and anchored tanks are @lotith the curve proposed by

O’Rourke and So (2000) for steel tanks.

During a GIRAFFE simulation, a random number isggated between 0 and 1

and compared with the probability of tank failubethe random number is less than
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the probability of tank failure, the tank is coresiedd 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 irgkie 3.2, once a system
is damaged, it is passed to the EPANET hydraulgirenfor analysis. EPANET will
send error messages back to GIRAFFE if there amgooents that are disconnected
from the main system (due to pipe breaks) prevgnB®PANET from running a
successful analysis. GIRAFFE will remove compogéstlated by damage and no
longer connected hydraulically, and send the mediystem back to EPANET for
analysis. Once the isolated components are remo@HEdAFFE will parse the
EPANET results and identify the lowest nodal presso the system. If the lowest
pressure is below the user defined minimum pressleeance, GIRAFFE eliminates
the node as well as the links and operational paters associated with that node.
EPANET runs another hydraulic analysis on this pewlodified system, and
GIRAFFE performs another check on the lowest pressurhis process continues
until there is no pressure lower than the minimuraspure limit defined for the

simulation, and hydraulic analysis is complete.

The GIRAFFE modeling approach transforms a damaigge sinto an
operational state by removing all pipelines thatndd satisfy a minimum pressure
tolerance, thus removing unreliable portions of $lgetem to display the remaining
part of the network that meets threshold servidighiequirements for minimum

pressure tolerance. The resulting operational ot\wrovides valuable information
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to operators and decision makers regarding whatiopgr of the network are

operational, vulnerable areas of the network, aidation strategies.
3.6 Compilation of Results

The final module compiles the results of the hyticaanalysis in a tabular
format that can be imported into a Geographic mmimion System (GIS) for
visualization and manipulation. Hydraulic analysesults are given for the five
system components: pipelines, pumps, valves, nagestanks (reservoirs are treated
as tanks with fixed grade). Flows and pressuresreported for pipes, valves and
pumps. Demands, pressures, and grades are regortéahks and nodes. For a
deterministic simulation, the results for the fo@mponents are reported for each time
step of the analysis. For a probabilistic simolatithe results for the five system
components are reported for each time step folMalhte Carlo simulation runs

performed.

An index for measuring the seismic serviceabilityhe damaged water supply
system is also reported at the end of a simulatibhe system serviceability index
(SSI) is the ratio of all post-earthquake demamdpre-earthquake demands in the

system, and is defined as:
o No
s=)0Q/2Q P
i=1 i=1
where Q; is the customer demand at noden, and n; are the number of satisfied

customer demands before and after imposing systenage. The serviceability can

be calculated for each demand node, for the esyistem, or for any subset of the
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system. In a probabilistic simulation, the seralwéty is reported for each Monte

Carlo simulation run.

3.7 Economic and Social Consequences

As previously discussed, it is the post-event cquseces that involve the
greatest amount of interaction among system opsragmternal organizations, and the
community receiving service. An area of great oppoty therefore is the use of the
DSS to address the economic and social consequeheester supply performance.
Output from water system simulations in terms alviseability over time provide
input for further simulations and decision makingrélation to emergency response,
system restoration, regional economic effects, @rdmunity impact. Quantification
and visualization of the spatial variability of watsupply serviceability through GIS
provides the link between water supply performaanoe the geographic distribution of

businesses, demographic characteristics, and atii@navith other lifelines systems.

Researchers have been investigating the econordis@sial consequences of
water supply disruption, and have been developingdets for time dependent
restoration. For example, Rose has evaluatedetijierral economic consequences of
earthquakes, regulatory failures, and terrorisaickit utilizing information on water
supply disruption in conjunction with computablengeal equilibrium (CGE) model of
Los Angeles County (Rose 2006, Rose and Liao 20@®vidson has evaluated the
time and spatial distribution of post-earthquakectic power and water supply
restoration using discrete event modeling (Cagraal. 2006, Cagnan and Davidson
2007). Chang, et al. (2008) have developed modieldng lifeline system

performance and community disaster resilience. yTk&plore methods for
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considering socio-economic impacts in decision mgland the appropriate seismic

performance goals for utilities.

3.8 Modedl Validation with Respect to the Northridge Earthquake

The 1994 Northridge earthquake (817) was selected for model calibration
and validation. The Northridge earthquake is familo current LADWP personnel.
In addition to data recorded during the Northriggethquake, many employees have
personal knowledge and experience with system daraad operations following the
event. Damage caused by this earthquake has lssessad as over $40 billion
(Eguchi, and Chung, 1995). The earthquake is sty significant for the City of
Los Angeles, and an appropriate scenario to benghrdacision support model

simulation results with actual seismic performance.

3.8.1 LADWP System Performance during Northridge Earthquake

Data from LADWP and the Metropolitan Water Distri®dWD) shows 79
locations of damage in trunk lines and 1,013 laretiof damage in distribution lines
(Shi, 2006). Among the 79 trunk line damage lawatj 67 occurred in LADWP trunk
lines and 12 occurred in trunk lines owned and ateer by the Metropolitan Water
District (MWD). MWD pipelines are embedded in theADWP system and
interconnections between the two systems are nobally open. Under emergency
situations, or times when LADWP needs to purchageplemental water, these
connections can be opened. Five LADWP water seotagks were also damaged
(Brown, et al., 1995). Figure 3.12 shows the LADWRter service area with the

locations of trunk line and distribution line reygi damaged tanks, and water
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outage areas (Lund, et al., 2005) following thetheprake.

3.8.2 LADWP Hydraulic Model for the Northridge Earthquake

The GIRAFFE simulation model was built from a 20@draulic network
model used at LADWP. Connections to the Upper lamder Hollywood Reservoirs
(5.4 M nt, 1.4 B gal), Encino Reservoir (14.8 M>n8.9 B gal) and Lower Stone
Canyon Reservoir (13.6 Min3.6 B gal) have since been closed, but were apéme
time of the Northridge earthquake. To simulatedibons in 1994, these reservoirs
were included in the GIRAFFE hydraulic simulatioodel. Moreover, pipelines and
valve settings were changed in consultation withDM#P planning and operations

personnel to replicate the 1994 system.
3.8.3 Damage Simulation

To simulate the response of the hydraulic netwoddeh damage was added
to system components and GIRAFFE was then usecrform hydraulic network
analysis of the damaged system. The damage siowlatf the trunk lines,
distribution system, tanks, and pump stations asetibed in the following sections.
3.8.3.1 Trunk Line Damage

Detailed descriptions of the LADWP trunk line dareaaye provided by Shi

(2006). For system analysis, breaks in the Grarmemdh Rinaldi Trunk Lines, and

multiple leaks in the northern half of the systemrevsimulated. Leaks occurring in
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Northridge Earthquake Simulation

close proximity along the same pipeline were matleds one leak with an
appropriately increased leak orifice area. Leaksbreaks situated immediately
downstream of a pipe break had no effect on syfitamnand were not modeled. Leak

and break locations for the simulations are showRigure 3.13.

A summary of all damage to the LADWP and MWD trulkes in the
LADWP service area is presented in Appendix B. Bgenlocations attributed to

TGD and PGD are identified.
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3.8.3.2 Distribution System Damage

As described previously, damage to the distribuigstem is not modeled as
explicit breaks and leaks, but is simulated asramnease in nodal demands. PGV
recorded by 164 strong ground motion stations duitie Northridge earthquake were
used to generate pipelinBR, which were then applied to the fragility curves
developed by Shi (2006) to determine increasedIrdetaands. Previous research by
Jeon and O’Rourke (2005) and discussions with LADpé#Psonnel show that four
regions in the northern half of the LADWP waterteys were subject to significant
PGD-induced damage. The actiis in these zones were determined from GIS data
on distribution pipeline damage compiled by Jeoth @Rourke (2005) and used with
the distribution system fragility curves to findetmodal 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 ef@h LADWP tanks (48
welded or riveted steel and 17 reinforced concoeterestressed concrete tanks) in
service at the time of the Northridge earthquaReerall, tank performance was good,
and only 5 tanks were damaged. Modern tanks paddrwell, while all of the
damaged tanks were constructed before 1950. Timagkd tanks are highlighted in
pink in Figure 3.13. The Coldwater and Beverly rGleanks were both riveted steel
tanks with 9 million liter (2.3 million gal.) cap#ies. Both suffered partial roof
collapse and damage to the inlet/outlet lines. Thpanga and Zelzah Tanks were

both welded steel tanks with 0.9 million liter (2300 gal.) and 3.8 million liter
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Figure 3.14 Zones of PGD in the LADWP Water Sudpygtem

(1 million gal.) capacities, respectively. Botmka experienced damage to the tank
inlet/outlet lines, and Zelzah also suffered aagmdked roof. The 2.3 million liter
(608,000 gal.) capacity, riveted steel Granada Highk had extensive damage and
was taken out of service following the earthquakel & not represented in the
simulation model. Since all tanks had pipe conpactailures, the inlet and outlet
lines for the 4 damaged tanks in the hydraulic rhadere disconnected in the

simulation of post-earthquake performance.
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3.8.3.4 Water-Power Interaction/Pump Sation Damage

The Northridge earthquake caused an immediaterayside blackout for the
LADWP electric power system, after which electycivas restored incrementally
beginning 1 hour after the earthquake, and fulstaeed within 27 hours (@aan,
2005). To account for interaction between the wated electric power systems,
pump stations that lost power during the Northriggethquake were identified and
reconfigured to emergency power loss status. & dhent of power loss, pump
stations with secondary sources of power or baclgeperators will continue to
operate with a modified number of pumps. Elegioever outage data from the actual
1994 Northridge earthquake were used to simulagectinfiguration of pumps for
various time increments following the earthquakergyv It was found that using the
configuration of pumps operating 2 hours followithg earthquake for the entire 24
hour simulation produced nearly identical resutisféring by less than 1%) to an
analysis where power was incrementally restorggutop stations at 2, 6, 12, 18 and
24 hours. Thus, the 2 hour configuration of operatl pumps, shown in Figure 3.15,
was used as an equivalent power state for the @diwmulation. It should be noted
that nearly 56% of the pump stations without po®drours after the earthquake had
back up generators or internal combustion (IC)autiiit in some cases pumped more
water than during normal operating conditions. Wamman Pump Station No. 2, one
of the largest and most important pump stationshin LADWP water system, is
located in the Van Norman Complex, where power aa@tsrestored until more than
18 hours after the earthquake. This pump stataesdot have back up generators,

and was not in operation for nearly 24 hours dfterearthquake.
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3.84 Comparison of Simulated and Observed Earthquake Perfor mance

A simulation of the 1994 Northridge earthquake @Beon the LADWP system

was conducted by representing trunk line brealgtribdution system damage through

increased nodal demands, tank damage, and punipnsitatierruptions from electric
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power losses, as previously described. In additioa loss of flow from the LAAs
was accounted for. Although damaged, the Los AsggAhueduct 1 (LAA1) was able
to operate at very low flow for approximately 1 \kedter the earthquake to allow for
repairs to Los Angeles Aqueduct 2 (LAA2). LAA2 wagt of service for repairs in
the first week following the earthquake, and théaced in service while LAAL1 was
shut down for repairs. Both LAA1 and LAA2 were giown for 3 weeks, beginning
in the last week of February, to allow for repaor$e made to the open channel (Lund
and Cooper, 1995). The effects of the lost aquefiowvs were modeled by closing
the flow of water from the Los Angeles FiltratiofaRt, where the LAAL1 and LAA2
provide water to the LADWP hydraulic network moddlhe simulation was run for

24 hours.

Comparisons between simulated and observed penfmenare made on the
basis of 1) system-wide functionality, 2) geograpdistribution of lost service, and 3)
flow measurements at key locations in the systefach basis for comparison is

discussed under the subheadings that follow.

3.8.4.1 System - wide Functionality

The system serviceability index, SSI, is definedhaspercentage of total flow
available at all demand locations (nodes) at some after the earthquake to the total
flow before the earthquake. The model simulatishew SSI = 71.6% at 24 hours
after the earthquake, which means that 28.4% ofylséeem was without significant
water service. This measure of system servica#alaitjrees 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 foh@drs after the earthquake
with the areas of water outage, or lost serviceinduhe first day and for 2 to 7 days
after the earthquake. The area in Figure 3.1@8heisSan Fernando Valley, which is
the epicentral area for the earthquake and themeagiwhich the great majority of lost
service was documented. The turquoise coloredlipgse are those with flow
insufficient for reliable service. The areas afoeled outage compare favorably with
the geographic coverage of pipelines that havedlowufficient for reliable service,
thereby showing that the model accounts well fa& geographic dispersion of lost
water service. The median SSI 24 hours after drthguake is 71.8%, which falls
within LADWP estimates of 70-75% serviceability Z2dburs after the actual
Northridge earthquake (Adams, 2008). The LADWPearautage zones contain 70-

80% of the unsatisfied demand nodes for the sinaulat

In the map of the LADWP system in Figure 3.16b ¢hisra zone of turquoise
pipelines near the center of the system in the e&Sdhdnica Mountains. These
pipelines are located at high elevations wherematc controls in the local pump
stations are not modeled in sufficient detail folicate the actual pressure levels in the
pipes. Under these conditions, the hydraulic ndtwaodel defaults to a conservative
estimate of low pressure and corresponding logsedal serviceability. These zones
represent less than 2% of the demand nodes iry#tens. Hence, the model is biased
to conservative results at high elevations that dialy a small effect on system
serviceability. The modeling procedures for purapd storage tank performance at

higher elevations are discussed in Appendix C.
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It should be noted that the Kittridge Tanks and @eSReservoir were
depleted shortly after the earthquake. The brgiation of the Granada Trunk Line
prevented the replenishing of the Kittridge Tankshe western San Fernando Valley.
The breaks in the Rinaldi Trunk Line cut off theterasupply to the De Soto Reservoir
in the northern San Fernando Valley. The GIRAFRB&utation appropriately
captured this behavior, showing the Kittridge Tarksl De Soto Reservoir were

depleted within 2 hours after the earthquake.
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3.8.4.3 Flow Measurements at Key Locations in the LADWP System

To confirm that pre-earthquake flows simulated he model are consistent
with actual flows in the system, pre-earthquakeutated flows were determined at
four key locations shown in Figure 3.17: Stone @snynlet, Franklin Reservoir,
Hollywood Inlet, and River Supply Conduit. Thes&aafs were compared with typical
ranges of flow provided by LADWP engineering sta#ft each location the simulated
flow fell within the typical flow ranges for Janyarthus confirming the appropriate

levels of flow from north to south in the system.

LADWP monitors system performance at various |areti using a
Supervisory Control and Data Acquisition (SCADAx®M. Flow monitor records
showing data before, during, and after the Nortei@arthquake were obtained and
reviewed by Shi (2006). Some of the data were elaible due to earthquake damage
and the loss of electric power at the SCADA statiotJsing the screening process
described by Shi (2006) to remove unreliable diata, SCADA flow meter records
were selected for comparison with the simulatedvstothe LA Reservoir Outlet,
Encino Reservoir outflow, Granada Trunk Line, Mtae& Van Owen Regulator

Station, and Astoria Pump Station, all of which sinewn in Figure 3.17.

Figure 3.18 compares the simulation and the recoSEADA flows. In
general, the simulated flows compare favorably wifie monitored flows at each
location. The pre-earthquake simulation closeljowes measured flow variations
before the earthquake. Following the earthqual@y ffrom the LA Reservoir
increased to nearly 20,000 I/s (317,000 gpm) dusvater losses associated with

damage to major trunk lines downstream. Leakirgjiges of two large trunk lines
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Figure 3.17 SCADA Flow Stations and Key Locatiofi§low

were isolated in the lower Van Norman Complex withihours after the earthquake
to curtail water losses (Adams, 2008), after whilse monitored flow in the LA

Reservoir Outlet dropped to a range of 10,000 t®A® I/s (158,500 to 198,000
gpm). Two post-earthquake simulations were peréoravith one and two trunk lines
isolated within 6 hours to set upper and lowerténan flow from the reservoir. The
flow associated with the isolation of two trunkds compares favorably with the

measurements.
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Simulated pre-earthquake flows from the Encino Rese fall within the
range of measured flows. Flow from the Encino Rese increased dramatically
following the earthquake because it had to prowmee water to the southern part of
San Fernando Valley to compensate for the lossatémsources normally feeding the

Valley from the north.

The simulated pre-earthquake flows in the GranadaK Line (GTL) follow
the daily fluctuations experienced in this partled system. The earthquake-induced
rupture of the GTL results in zero simulated flomhich is identical with the actual

loss of water in this pipeline.

The simulated flow rate through the Morella & Vamwéh Regulator Station
prior to earthquake is 862 I/s (13,100 gpm), whechear the peak values of measured
daily flows. This automated regulation statiorc@trolled by a series of operating
rules based on nearby tank levels and node presthatcauses daily fluctuations in
flow. The hydraulic network model cannot accowntthis operating logic, explicitly,
but instead makes an approximation of system behawer the simulation time
period. Also shown in Figure 3.18 are the simuadtew rates at the Astoria Pump
Station, which vary between 50 and 265 I/s (798,800 gpm), before the earthquake.
Again, hydraulic network modeling limitations dotradlow simulation of all cycles of
daily flow, but the model is able to capture ablaif of them. Both the simulated and

measured flows drop to zero after the earthquake.

In general, the GIRAFFE simulation compares faviyrabith the major

features of the observed response of the LADWResysturing the 1994 Northridge

earthquake.
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3.9 Conclusions

A DSS has been developed for LADWP to plan openaticemergency
response, and new system facilities and configumatito optimize water supply
performance during and after earthquakes. The mystegeneric, and the architecture
of its computer programs is adaptable to any wstieply. The system works with a
special program for damaged network flow modelikgpwn as Graphical Iterative
Response Analysis for Flow Following EarthquakedR@&FFE). It simulates all
11,633 km (7,228 mi.) of water trunk and distribuatipipelines and related facilities
(e.g., tanks, reservoirs, pressure regulation ostati pump stations, etc.) in the
LADWP system, and accounts for the aggregated seibaward in Los Angeles
through an ensemble of 59 scenario earthquakessiihéations are dynamic in time,
and can account for loss of service as tanks aral feservoirs lose water over time

through leaks and breaks in pipelines.

Specific model improvements were accomplished aas @f this work. The
model was upgraded to represent the LADWP syste20@7. The DSS now contains
models for the LADWP system in 2002 and 2007. ications to the 2002 model
can be implemented to represent system performant894, thereby providing an
appropriate basis for simulations of water sup@gponse to the 1994 Northridge

earthquake.

Additional model improvements include the abilitp model the time
dependent response of the system in a more robarshen, by enabling the levels of
tanks and reservoirs to vary during a simulatidrhese refinements in the dynamic

capability of the simulations require the approjgriagelection of simulation time

86



increment. To select properly, it is necessargatasider the smallest operational time
increment for system functionality, which generallgpends on the capacity of key
storage facilities. The model was also updateth wie ability to include all sources
of earthquake damage and disruption includingake bf the Los Angeles Aqueducts,
loss of electric power, PGD and TGD effects in kamd distribution pipelines, and
fragility curves to probabilistically represent dage to facilities such as tanks,

reservoirs, regulation stations, and pumps.

The hydraulic network model was validated throuwgimparison of model
results for the effects of the 1994 Northridge legubke with the actual areas of lost
water service and pre- and post-earthquake measuatsnof flow documented by
LADWP. There is very good agreement between moeRllts and LADWP records
with respect to system-wide serviceability (28% evaiutage over the entire system),
geographic distribution of lost service, and pred 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 Scaleand Timein 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 O 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,

v=yv, —Dt (4.2)

wherev is the tank volume after the time step,s the initial tank volume at the

beginning of the time ste is the demand rate on the tank (gpm), argthe 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 witfl 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 witi’al@gree 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@&b and M,7.0. 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-

98



? ~ -1 2 ‘,rlﬂl‘ Sy s P bl
‘~L| Breaks on Rinaldi and :%‘Evf?'
Granada Trunk Lines [* 2 _
A :
A

[y

’fp /:‘ —

{ i o L) —_

,, ._._,,"", 7 ‘ Beverly —
il 4, PN : Glen Tank |7 <7
P 7T (AR > ’ = el

y Lty 7 Bl R

g -"
. AN L
. #e Coldwater |-
; ~| Canyon Tank [ ’-'J
e o B
LEGEND: — =TrunklLines = = Distribution Lines O =PGD Leaks ¥ = PGD Breaks
D = Zones of PGD E= Damaged Tanks ‘ =TGD Leaks

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.

432 M,6.5Scenario

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

M,6.5 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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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
My6.5 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,#& kepeat 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 SSlis 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 Sl
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.
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TGD Only M,6.5 Repeat Northridge Earthquake Scenario
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for the Combined PGD & TGD 6.5 Repeat Northridge Earthquake Scenario
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M,,6.5 Northridge Repeat Earthquake Scenario Results at 24 Hours
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Figure 4.9 Histogram for TGD only and Combined PGD and TGD System

Serviceability 24 Hours after a)8.5 Repeat Northridge Earthquake Scenario

433 M,7.0Scenario

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 thé B4scenario 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,#he Mpeat
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 thg7/Md scenarios have a wider spread of SSIs
than the M6.5 scenario results. Both the TGD only and combined PGD and TGD

cases for the I¥b6.5 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 M, 7.0 Repeat Northridge Earthquake Scenario
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M,,7.0 Northridge Repeat Earthquake Scenario Results at 24 Hours
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Figure 4.12 Histogram for TGD Only and Combined PGD and TGD System

Serviceability 24 Hours after aM.0 Repeat Northridge Earthquake Scenario

TGD only case for the |W.0 scenario yields SSIs between 70 and 85%, and the
combined PGD and TGD .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.

441 NegativePressureTolerance

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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4.4.2 Percentage of Breaksvs. 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%.

443 LeakageRate

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 (Cl), 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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444 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 SSl is 76.1%. The
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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.

45 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 4.5 and M, 7.0 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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CHAPTERS

DE-AGGREGATION OF EARTHQUAKE EFFECTSON 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 al 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 ssmulation

results including all sources of Northridge earthquake damage.

5.2 System Modedling

The hydraulic network simulations were performed for the actua 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 mgjor 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 aloss of 3 x 10° m®
water storage capacity. The 37,850 m® (38 x 10° 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),
Valey 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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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 spatia variability
of the system performance as expressed in terms of serviceability index (SI), whichis
the percentage of post-earthquake flows relative to pre-earthquake flows at all demand

nodes within awater 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 Dueto L os Angeles Aqueduct Outage

Nearly 50% of the LADWP water supply is provided by the First and Second
Los Angeles Aqueducts (LAAL1 and LAA?2), which transport water from the Sierra
Nevada Mountains in northern California to the City of Los Angeles (Wang, 2006).
As aresult 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 LAAZ2, 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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Figure5.2 Water Service Areasin the LADWP System
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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

disruptionin LAA1 and LAA2 without inter-tie backup from MWD.

Figure 5.3 presents the Sls for the 15 water service areas after 24 hours with
the LAAs not contributing to the LADWP water supply. The system S| after a 24
hour simulation with the aqueducts closed is 83%. Comparatively, an analysis
performed with the LAASs open produces a 24 hour system Sl of 100% for al 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 Sls of 15% and 41%, respectively, while GH suffers a substantial

decreasein Sl to only 2%.

Water Service Area Serviceability at 24 hrs
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5.3.2 System Performance Dueto 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 actua
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 identica results (differed by less than 1%) to an
anaysis 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
Sl at 24 hoursis nearly 93%. The GH, ST and FH water service areas have the lowest
Sls 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 LAAL 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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5.3.3 System Performance with Northridge Earthquake Trunk Line Damage

Working closdly 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 a. (1995) reported severe damage to 5 tanks in the LADWP system, 4
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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 Sls of 29%, 72% and 41%, respectively. Breaksin the Granada and Rinaldi
Trunk Lines greatly reduced flow to the GH and VFC water service areas. Mgjor
leaks along the Roscoe Trunk Line further reduced serviceability in VFC. Leaksin
the Van Norman Complex area and Van Norman Pump Station discharge line

restricted flow to FH and GH.

130



The system performance for loss of the LAAsin 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.
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Northridge Trunk Line Damage and No Other Damage

5.34 System Performance Dueto Tank Damage

Investigations of tank performance during the Northridge earthquake (Brown,

et a., 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 LAAsin service. Resultsfor 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
dlightly 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% Sl 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 areais diminished.

132



Water Service Area Serviceability at 24 hrs
LA Aqueducts Off, Northridge Tank Damage
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5.3.5 Combined Effects of Electric Power Lossand Northridge Trunk Line

Damage on System Perfor mance

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 eectric power and Northridge trunk line damage alone. The 54%
and 52% Sls for the ST and FH regions are due to the loss of pumping capacity to
distribute water in those service areas. The 41% S| 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 aso 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 centra (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.

Water Service Area Serviceability at 24 hrs
LA Aqueducts On, Northridge Trunk Line Damage
& Electric Power Loss
(Entire System Serviceability = 82.6%)

Serviceability Index (Sl)
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Water Service Area (WSA)

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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5.3.6 Combined Effects of Los Angeles Aqueduct Outage, Electric Power L oss,
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 ssimulated 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 loca
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Serviceability Index (Sl]

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 loca serviceability.

Water Service Area Serviceability at 24 hrs
LA Aqueducts Off, Northridge Trunk Line Damage, Electric

Power Loss & Distribution System Damage
(Entire System Serviceability = 38.9%)
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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 atime. 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 asin the western part of the valey.

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 eectricity removes Van Norman Pump Station No. 2 from
the system, which pumps water to higher eevations 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 LAASs 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 LAASs 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 mgjor source of water islost. In the case of eectric 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 localy in those service areas at higher elevations north of San
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Fernando Valley as well asthe western part of the valley. Thelocations 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 Rinadi
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 a so 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 agueducts provide flow to Van
Norman Pump Station No. 2 and then to the Granada, Susana and Foothill Trunk
Lines. The Granada and Susanatrunk lines convey water to the western San Fernando
Valey, and the Foothill Trunk Line conveys water to the Foothills service area. Water
from the LAAs aso feeds into the Rinaldi Trunk Line, another major source of water
to the western San Fernando Valey. The lack of a back-up power source for Van
Norman Pump Station No.2 is aso 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
guantifying 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 m 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 M, 7.0 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 M7.0 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 /.7 1994 Northridge earthquake and hence familiar
and meaningful for operators and customers. Thg/.M 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 Resultsfor M, 7.0 Earthquake

This section presents the simulation results for & .Bl 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 (SSlIs) 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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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 Sl 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 SSls 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
SSlIs 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 DensePopulation 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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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 S| 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 Sl for reservoirs open compared with
reservoirs closed. Moreover, there is a notable shift to lower potential Sls for
reservoirs closed, with some Sls 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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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 Resultsfor 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 SlIs 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 Sls 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 Sls 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

Water Service Area Serviceability at 24 hrs
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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
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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 performanceduring 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
thisreport. The sectionsthat follow summarizethe researchfindings 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.
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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 4.5 and M, 7.0 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 LAAsS
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 g@an 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

ADJUSTMENTSFOR 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 conditionsis 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 ADs represent change in summer demand due to earthquake damage. Normalized

summer demand, NDyg, is calculated by:

_ Ds +ADs

ND
s D,

(1)
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and modified normalized demand, MND, is given by:

2

MND :{—DSMDS}&

D,

S

in which Dy is the demand for a design state other than the average daily summer

demand.

Rearranging the termsin Equation 2 yields,

£0s - MND —% (3)

d d

The normalized demand for the alternate design state, Dy, IS

_ Dy +AD,

ND
d D,

(4)

We estimate ADy = a ADs, where a is a scaling factor and function of the

design state demand. Using this estimate with Equation 4, we get

Ds

ND, =1+a0—= 5
g D, ®)
Combining Equations 2, 3 and 5 resultsin
Ds
ND, =1+ aF(NDS -1) (6)

d

which can be used to convert the normalized demand for summer to the normalized

demand for adifferent design state, such as the average daily winter demand.
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In thiswork, Equation 6 was used with o = 1 to convert the fragility curves for
summer demand to those for winter demand. Taking a = 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 evauate the vaidity 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) ND,, for the 4 trunk line
measurement locations in loca distribution system Zone 1000, versus the ND,,

predicted by the linear approximation explained above. Lines for -15% and +35%
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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 overal 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 arelatively 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.

189



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.

“/Van Norman |

Legend

e 2 Tanks and Reservoirs
®  Groundwater Wells i
—— Pipes
— @ Granada Trunk Line Repairs|
Granada Trunk Line
e Cteel

= Concrete

Water OutageTime (day)
1
2-7

T e Main Street

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.

|Van Norman
: Complex

)

Winnetka Ave.

Roscod Blvd = 2 Tanks and Reservoirs
J | ¥ Groundwater Vells

— Pipes
, fa— @ Rinaldi Trunk Line Repairs
Rinaldi Trunk Line
e Ste el

e Concrete

Water Qutage Time (day)
1
2-7

Tl g : II\tv'laln IStreet

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 fowones 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.
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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 I/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 PUMPSAND TANKSAT 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

203



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.

205






APPENDIX D

SIZE DISTRIBUTION OF PIPELINESIN LOSANGELESAND NEW YORK
CITY WATER SUPPLIES

LADWP Water System Pipeline Diameters NYC Water System Pipeline Diameters
) 49-60 in.
25':; - 2% 32“‘31'"‘ >60 in.
L 8748in. | >60in. ) 49-60 in. < 13
1624 In. . 1% 19 25-36 in. \ 4%, )
5% 16-24in. 2% /

M%

<16 in. <16in.
83% 81%

Figure D.1 Pipeline Diametersinthe NYC and LADWP Water Systems

Statistics from 2002 were compiled for the composition of pipeline diameters
in the LADWP (Jeon, 2002) and NY C (Chapin, 2001) water systems. The LADWP
and NY C 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 pipeines 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 pipelinesfor each of the Los Angeles and NY C systems.
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