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PREFACE

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

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

ELEMENT I
BASIC RESEARCH

• ....mlc huIIld Hd
ground motion

• SoIIs.nd aeo'Khnlc8l
engl"""ng

• Rlsk.nd relillbility

• ProII8cIIve.nd intelligent
.ys.......

• Socletal.nd economic
.tudles

ELEMENT II
APPUED RESEARCH

• The Building Project

• The Non.tructurlll
Components Project

• The LIfelines Project

The HIghw8y Project

ELEMENT III
DEMONSTRATION PROJECTS

c..eStudles
• ActIve Hd hybrid conbol
• '-pbI 8ncI d8ta pracenlng

fllcilitle.
• Short.nd medium bridges
• W......upply .,s In

Memphis .nd s.n FnmcIsco
~1on8I Studies

• ,.. York City
• M......1ppI VIIIIey
• 8M FrIIIICIscD B8y Area

ELEMENT IV
IMPLEMENTATION

• ConferenceslWorbhops
• EdUC8llonlTrIIln1ng courses
• Publlc8tions
• Public AwaNneSS

Research tasks in the Lifeline Project evaluate seismic perfonnance of lifeline systems, and
recommend and implement measures for mitigating the societal risk arising from their failures or
disruption causedbyearthquakes. Waterdelivery, crudeoil transmission, gaspipelines, electric power
and telecommunications systems are being studied. Regardless of the specific systems to be
considered, research tasks focus on (1) seismic vulnerability and strengthening; (2) repair and
restoration~ (3) risk and reliability~ (4) disaster planning; and (5) dissemination ofresearch products.
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The end products ofthe Lifeline Project will include technical reports, computercodes and manuals,
design and retrofit guidelines, and recommended procedures for repair and restoration ofseismically
damaged systems.

The risk and reliability program constitutes one ofthe important areas of research in the Lifeline
Project. The program is concerned with reducing the uncertainty in current models which character
ize and predict seismically induced ground motion, and resulting structural damage and system
unserviceability. The goal ofthe program is to provide analytical and empirical procedures to bridge
the gap between traditional earthquake engineering and socioeconomic considerations for the most
cost-effective seismic hazard mitigation. Among others, the following tasks are being carried out:

I. Study seismic damage and develop fragility curves for existing structures.
2. Develop retrofit and strengthening strategies.
3. Developintelligent structuresusing high-techand traditional sensors foron-lineandreal- time

diagnoses ofstructural integrity under seismic excitation.
4. Improve and promote damage-control design for new structures.
5. Study critical code issues and assist code groups to upgrade seismic design code.
6. Investigate the integrity of.nonstructural systems under seismic conditions.

A new method is presented for estimating the serviceability of water networks damaged during
earthquakes. The proposed serviceability measures account for the uncertainty in seismic ground
motion. soil conditions, current system damage state, and required water demand. The analysis is
basedon the Monte-Carlo simulation methodand involves a large number ofhydraulic analyses of
water supply systems in various damage states. Probabilistic models are used to generate realistic
damage states. Commercially available software for hydraulic analysis are configuredfor ideal
networks thatare undamagedanddo notlealc. The use ofthese software in theanalysis ofactual water
supply systems, that may experience damage and leaks, can result in unrealistic predictions, such
as high negative hydraulic pressures at nodes.

A computer code with graphic capabilities, GISALLE, is developed for calculating the seismic
serviceability ofwater supply systems. The code has a preprocessorfor generating realizations of
the damage states and the water demands, a modulefor hydraulic analysis, and a postprocessorfor
analyzing statistically the system response to the generated input. The hydraulic analysis is based
on an algorithm that accounts for breaks and leaks in water supply systems.

The Auxiliary Water Supply System in San Francisco is used to validate the proposed method of
analysis. The validation includesfire flow testsperformedby the San Franciscofire department and
observations during the J989 Loma Prieta earthquake. Numerical results ofdeterministic and
stochastic parametric studies show that the algorithm for calculating serviceability measures is
robust and efficient.
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ABSTRACT

A new method is presented for estimating a serviceability of water networks damaged during

earthquakes. Several measures are developed for evaluating the serviceability. These seismic

serviceability measures are random variables that depend on uncertain parameters such as

seismic intensity, water supply, system damage state, and water demand. The determination

of the proposed serviceability measurefl involves hydraulic analyses of water supply systems in

various damage states. Commercially available softwares for hydraulic analysis are configured

for intact networks and can not be used reliably for heavily damaged and leaking systems. A

computer code is developed for the hydraulic analysis of damaged water supply systems. The

code eliminates those portions of the network which have negative pressures, and predicts the

available flow and pressure at the demand nodes. The hydraulic analysis also accounts for

the dependence of C-factors, which represents internal pipe roughness, on the pipe diameter.

This dependence is validated by fire flow tests performed in San Francisco. The code has

capabilities of simulating a seismic network performance with the uncertain parameters.

The serviceability measures and the proposed algorithm for hydraulic analysis are applied to

evaluate the seismic serviceability of the Auxiliary Water Supply System in San Francisco. •

Numerical results of deterministic and stochastic parametric studies show that the algorithm

for calculating serviceability measures is robust and efficient.
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NOTATION

The following list of notation is used in this report.

4 = constant (=1.852) for Hazen-Williams equation

lip = con.tan for pump flow

bll = constant for pipe k

c = constant for pipe k

dll = diameter of pipe k

el = objective function

e2 = objective function

f = dimensionless friction factor

9 = ground acceleration

h = hydrant number

h"~ = head losl due to friction in pipe k

hm• = minor lOll in pipe k

i, j = node numberl

Ie = pipe numbers

I = loop number

m = iteration number

n = number of observationl

n / = number of field testl

nil = number of hydrants

n. = number of nodes

n" = number of pipes

"Pa = number of pipes merling node i

"PI = number of pipes in loop I

Pi = available pressure at node i

pil = available prenure at hydrant h

pi = required prenure at node i

pI = required prenure at hydrant h

xvii



Pa" = calculated preslure at monitored location i in test t

P:,. = measured preslure at monitored location i in test t

f' = number of monitored locationl per each test

• = unit .tep function

t = test number

u = random number

v = dynamic vilcosity

vp = pipe amplification factor

Via = hydrant amplification factor

vI = fire amplification factor

" = number of estimated parameten in regresaion model

A. = crOll aectional area of pipe Ie

Ap = pump coutant

B = dimenaional conltant

Bp = pump constant

C = coefficient of friction

C, = pump constant

C. = coefficient of friction of pipe Ie

E. = elevation at node i

G = parameter for iteration

G. = function of headl

Hi = head at node i

Hp = pump head

K. = constant dependent on h/., #&,u, unita, C., and D., for pipe Ie

K,,, = constant dependent on #&,u, unita, C", and D", for pipe Ie

K",,, = constant dependent on h,,, units, C", and D., for pipe II

L = pipe length

L. = length of pipe k

P, = probability of pipe failure

Pia = probability of hydrant failure
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P, = probability of fire ignition

Re = Reynolds number

RI = residual head loss in loop 1

5d = damage index

5, = serviceability index

Q.. = flow in the pipe k

Qi = required flow at node i

Q" = external flow at hydrant h

Qi = extemal flow at node i

Qi = required flow at hydrant h

Qp = pump flow

QT = total available flow in a damaged system

QT = total required flow

QTO = total available flow in a undamaged system

Qu. = flow through pipe Ie at node i

U = random variable

V = flow velocity

H P = pump horsepower

l:i.H = change of head loss

'Y = specific weight of water

E = roughness of the pipe

£ = error term

Pi = regression coefficients

~(I) = mean break rate for Mercaly Intensity I
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SECTION 1

INTRODUCTION

1.1 Overview

Water supply systems can be significantly damaged during seismic ground shaking. Damage

of a system may cut of( water supply in certain areas or leave a whole city without water.

The city of San Francisco has two water supply systems: the Municipal Water Supply System

(MWSS) and the Auxiliary Water Supply System (AWSS). The MWSS provides drinking

and serviceability water as well as fire protection for the city. The fire protection capability

is limited as it was observed after the 1906 earthquake when a large portion of the city was

burned. The AWSS, designed after the earthquake, serve solely for City's fire protection.

The maintains of the AWSS seismic serviceability during earthquakes is essential to prevent

a major City's fire destruction.

The seismic serviceability of a water supply system depends on several factors such as: the

vulnerability of system components, system topology, earthquake intensity, soil conditions,

fire scenarios and operation strategies. The assessment of the effect of these parts on the

seismic serviceability of a water supply system is a complex task.

One way of providing a measure of the seismic serviceability of a water supply systems is to

quantify the fire fighting capability of the system following an earthquake. The evaluation

of the seismic serviceability of a water supply system involves a relatively large number of

hydraulic analyses of the system in various damaged states.

The existing methods for hydraulic analysis are based on the assumption that the pipelines

of a water system are full of water, even when water pressures falla below the atmospheric

pressure. However, a distribution system can not sustain significant negative pressures be

cause leaks at joints, valves and damaged components tend to vent and subdue negative

pressure. Therefore, some pipelines may not have flow or may exhibit a partial flow, in

contradiction to the assumption of full flow. These flow conditions can not be modeled by

the existing methods for hydraulic analysis. A new method haa been developed that can

analyze actual water supply of d&IDaged systems.

It is possible in principle to evaluate the seismic performance of water supply system by cal-
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culating the stress level in every component during an earthquake and evaluating the seismic

performance of these components. However, the approach is impractical because of the sys

tem complexity and uncertainty in earthquake characteristics. The analysis in this report is

based on correlations between component damage and earthquake intensity developed from

repair records. Resultant correlations can be applied to generate likely damage states and

fire demands in water supply systems exposed to elLl'thquakes. The method is plLl'ticullLl'ly

useful in seismic regions with limited seismic records and/or insufficient information on the

state of the water system under consideration.

The determination of the seismic serviceability of a water supply system has several phases.

First, damage states of the water supply system and fire scenarios are generated consistent

with site seismicity, soil conditions, and pipeline characteristics. Second, hydraulic analy

ses are performed to determine available flow and pressure at hydrants close to simulated

fires. Third, statistics are obtained on flows and pressures, and indices are developed for

quantifying the system serviceability.

A simulation code WBB developed at Cornell University for evaluating the seismic service

ability of water distribution networks. The code, entitled GISALLE (G,raphicallnteractive

Serviceability Analysill of L.ife-Lines subjected to Earthquakes), has been applied to evaluate

the seismic performance ofthe Auxiliary Water Supply System (AWSS) in San Francisco.

1.2 Objectives

The overall purpose of this report is to (1) present a new method for estimating seismic

serviceability of damaged water supply systems and (2) validate the GISALLE code. The

report describes the features and capabilities of the code. It also includes the results of

deterministic and stochBBtic parametric studies of the San Francisco AWSS.

1.3 Outline

The report consists of ten Sections. After the introduction Section 2 review hydraulic net

work models for undamaged systems. It provides governing equations for flow and pressure

distribution, and presents two existing methods of solution. Section 3 presents a new for

mulation of hydraulic analysis for damaged systems that can account for negative pressures
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and ruptured pipelines. Section 4 describes the AWSS and geotechnical characteristics of

the soil in the region. Section 5 outlines available modules in the GISALLE code. Section 6

validates the GISALLE code by test problems and flow tests. It also examines mathematical

models of pump stations and fire demands, and evaluates values of the roughness coefficients

in the pipes for the AWSS. Section 7 explores the serviceability of the AWSS after the Loma

Prieta earthquake. Section 8 presents the results of deterministic and stochastic parametric

studies for the AWSS performed with GISALLE. Section 9 summarizes the results of the

analysis in the report. Numerical results show that the algorithm can predict the seismic

performance of the AWSS accurately and efficiently. Section 10 is the references section.
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SECTION 2

HYDRAULIC NETWORK MODELS FOR
UNDAMAGED SYSTEMS

2.1 Introduction

Available hydraulic heads at joints and flows in pipes are crucial for predicting the perfor

mance of a water supply system. These parameters satisfy a system of nonlinear aJsebraic

equations that have to be solved numerically.

Hardy Cross [7,31] first introduced an iterative method to calculate flows and heads for

water supply systems. This method can be used to evaluate the flow characteristics of

simple systems or to check selected portions of more complex system. The convergence rate,

however, is slow and depends strongly on the initial solution used to begin the iteration. In

the last decade, alternative numerical solutions which are linked with computer applications,

have been developed for finding flows and heads.

Currently available methods for hydraulic analysis are based on the assumption that pipelines

are always full of water even when the water pressure falls below the atmospheric pressure.

The assumption is unrealistic because water distribution systems are not perfectly tight

to the atmosphere. Water leaks that commonly occur at pipe joints, behave like air-inlet

valves. Therefore, negative water pressures can not occur in water supply systems. The

consideration of leaks increases drastically the nonlinearity of the flow and head equations

because some pipelines may have no flow or free surface flow.

In this section, a brief description of the major components of a water distribution system i.

included. The governing equations of flow are presented. The characteristics of the available

analysis methods are discussed together with their advantages and drawbacks.

2.2 Components of a Distribution System

The components of a water distribution system control flows and/or preuures. Thae com

ponents need. to be included in the mathematical model of the network. Typical components

2-1



of water supply systems are:

1. Junction or node. It is a point where two or more pipes meet or where a special

component needs to be placed.

2. Pipe. A pipe is a closed conduit that carries water between two junctions.

3. Fized Grade Nodes. Junctions where water pressures are known are normally called

fixed grade nodes, e.g., connections to storage tanks, reservoirs or a discharge point

where pressure is prescribed. The pressures at fixed grade nodes are treated as bound

ary conditions in the hydraulic analysis.

4. Orifice. This type of component is common in fire protection installations, e.g., sprin

klers and hydrants. It is an outlet of a distribution system through which water is

delivered at a certain minimum pressure. An orifice can be modeled as a pipe of

specified diameter.

5. Check VcJve. It allows water to flow in a single direction only. The pipe with a check

valve is eliminated during analysis if the flow is against the operating direction of the

valve.

6. Pressure Reducing Valve (PRV). It maintains a specified pressure downstream. from it.

If the upstream pressure is higher, it creates enough head loss to reduce the downstream

pressure to a specified level. The PRV can not maintain the specified pressure if

bypasses occur or if the pressure at upstream node drops below the specified pressure.

i j

Figure 2.1: Modeling of a Pressure Reducing Valve

The modeling of a pressure reducing valve involves several steps:

a. At the location of the pressure reducing valve, two disconnected nodes, i and i,
are introduced as shown in Figure 2.1. Let i be the upstream. node.
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b. The downstream node j is modeled as a fixed grade node. This may be done by

connecting the node with a reservoir. At the upstream node, i, II. flow demand Q,

is estimated.

c. The supply syste~ is then solved to obtain the inflow, Qj, through node j and

compared with Qi. If the difference is within the required accuracy, the solution

is accepted, else an updated outflow at node i is estimated and the iteration is

continued.

7. Pumps. It produces a local increment in pressure within a pipeline by feeding additional

wate,. into the network. The characteristics of pumps will be discussed in Section 6.

8. Broken Pipes and Hydranb. Breaks and leaks of pipelines can occur even during

normal operating conditions. Seismic events may cause a large number of breaks and

leaks in water supply systems. The particular damage state of a water supply system

following an earthquake depends on the characteristics of the seismic waves, the extent

of permanent ground deformations, and the strength of the system components.

The random spatial distribution of broken pipes and hydrants leads to complex flow

conditions that cannot be characterized deterministically. Moreover, flowless pipeline

and pipeline with partial flow can be present in the system. A broken pipe is modeled

by replacing it with two pipes that are opened to atmosphere. The model provides an

upper bound on damage because breaks are usually partial and because even a fully

broken pipe can sustain pressure due to surrounding soil. A broken hydrant is modeled

by additional pipe open to atmospheric pressure.

9. Air Inlet Valve. It admits air into a node when the corresponding pressure drops below

the atmospheric or lOme other prescribed negative preasure.

2.3 Governing Equations of Flow

Two basic equations are used to analyze water distribution systems. They are known as the

equations of continuity and energy.
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2.3.1 Equations of Continuity

The law of conservation of mus states that the sum of the flows coming into and going out

of a junction is zero, [7,31], e.g., at node i,

"Pi
I:Qii - Qi = 0
i

(2.1)

where Qila is flow in pipe Ie connected at node i, Qi is discharge at node i. The summation

takes place over a.ll the pipes merging at node i. This condition must be satisfied at all nodes

I.

2.3.2 Equations of Energy

The hydraulic head at node i is

(2.2)

where Ei and Pi are the elevation and pressure at node i, a.nd "'f denotes the specific weight

of water. The energy equation for a pipe Ie connecting nodes i and j is [7]

(2.3)

(2.4)

where hI. is head los8 due to friction and hm. is minor head loss due to bends and joints

between pipe segments.

An alternative to the energy equation is the loop equation, which states that the sum of the

losses in each closed loop' of a water distribution network must vanish, i.e.,

I:hi=O
i

where hi = hi" + hm" is the total head loss in pipe Ie forming loop' and the summation
takes place over all the pipes in the loop.

2.3.3 Energy Losses

As previously indicated, there are two types of losleS that contribute to the decrease of head

along a pipeline: friction lone. and minor 'o••e.
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Friction L08ses

Friction loss, hi", relates to the flow, Q", in a pipe, Ie, by

(2.5)

where KI" and a are constants that can be calculated in several ways. According to the

Darcy-Weisbach equation [7,311, for a = 2,

(2.6)8fl"
Kit = gDir2 '

where 9 is acceleration due to gravity, f is friction factor dependent on flow and pipe char

acteristics, I" is length and die is diameter of pipe Ie. A method of computing f is described

in [9].

The Hazen-William equation for a = 1.852 gives

(2.7)
Bile

Kf" = Cl.l52"rt.17
Ie

where B is a dimensional constant, e.g., if 'ie and dIe are in feet, B = 4.73. The values of C

for different materials are available in [7,31,91.

The Manning equation for a = 2 gives

(2.8)Kit ;:;;;
4.6371"E'
~.3SS

where E is a roughness factor. Its values for different materials can be found in [7,31,9].

Minor Losses

Minor head losses due to bends, valves, etc. are generally defined as [7,31],

Km• Q2
hm. = 2gAl Ie

(2.9)

where K mt is a coefficient depending on the type of pipe fitting that causes the head losl.

Values of Kmt for various fittings are available in 17]. Ale is the cross section area of pipe Ie.
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2.4 Methods of Solution

Flows in pipes and hydraulic heads at nodes are the unknowns for a water supply system.

Flows and heads are related by the energy loss Eqs. (2.5) and (2.9). The flow continuity

Eqs. (2.1) for nodes can be expressed as a set of nonlinear algebraic equations in terms of

heads. These equations can be solved by iteration. Flows can thea be obtained from the

heads using Eqs. (2.3), (2.5), and (2.9). Similarly the loop Eq. (2.4) can be expressed in

terms of flows. They can be solved by iteration. Two iterative methods for solving these

nonlinear equations are discussed: the Hardy Cross and the Newton Raphson methods.

2.4.1 Hardy Cross Method

A common form of "ardy Cross method takes flows QIe as unknowns and involves the fol

lowing steps [7,311:

1. Flows QIe in all pipes are initially estimated with the constraint that at each junction

the total flow is zero Eq. (2.1).

2. Consider a loop I of the system with npl pipes and the friction loss only. The friction

loss in pipe Ie of loop I is hit = Kit Qt (Eq. 2.5) where Kit and 4 depend on the head

loss equation (Eqs. 2.6, 2.7, 2.8). Due to error in the estimation of flows, the total

head loss around the loop I, say in clockwise direction, will not vanish. The residual

loss, R" is
"P,

R, = E KltQ~ (2.1)
Ie=l

where KltQ~ is positive if the direction of QIe is in the clockwise direction of the loop.

3. Let dQ I be the change of flow in the loop 1. Then

dR, _ ~ K QII-l
dQ -£..J4 Ic Ie

, Ic=l

The derivative dR,jdQr can be used to obtain a linearize correction,

Rr
t1QI = - dR,jdQ,

for QIe. aQ, is added to QIe to obtain an improved flow estimate.

2-6

(2.2)

(2.3)



4. Steps 1 to 3 are repeated for all the loops of the network.

5. Steps 1 to 4 are repeated as long as the flow corrections t1QI in a.ll of the loops are

not within a desired accuracy. Hydraulic heads at nodes can be obtained from the

computed flows using Eqs. (2.3), (2.5), and (2.9).

In Hardy Cross method the loop equations are considered to determine the hydraulic state

of the system. Generally, the number of equations is not very large because there are

fewer loops than nodes or pipes. The solution procedure is simple because the loops are

considered one at a time. This makes the method suitable for solving sma.ll systems by hand

calculations. However, the method is difficult to code for computer use because it involves

cumbersome record keeping of the loops and pipes. Thus, the use of the method for analyzing

large systems is not attractive. Moreover, the convergence rate of the method is poor and

depends strongly on the initial estimate of the flows in the pipes to start the iteration [31].

The method also does not a.llow modeling components where pressure is defined, e.g., broken

pipes, because it is only possible to specify flow through the pipes. In spite of these, the

method is widely used in ihe practice, e.g., Wood's computer code developed at University

of Kentucky t.· based on this method [63].

2.4.2 N ewton-Raphson Method

A common form of the Newton-Raphson method, in which heads are the basic unknowns,

involves the following steps [9]:

1. Express the continuity Eq. (2.1) at each node i in terms of hydraulic heads. This

results in

Gi(Hi, Hi) =0, i = 1, ... ,~ (2.4)

where Gi is function E. Qilr-Qi of Eq. (2.1) expressed in terms ofthe hydraulic heads,

Hi and all heads Hi at nodes connected with Rpi pipes merging to node i. Qilr and Hi

are related nonlinearly by Eqs. (2.3), (2.5), and (2.9). Thus, Gi can be expressed as

functions of heads only and are nonlinear functions of variables.

2. Form a system of nonlinear equations with Eqs. (2.4) applied at a.ll of the nodes

G.(II.) = 0 (2.5)

where G. is the vector of continuity equatIons for nodes i = 1, ... , "" and ll..T =
{HI, ... ,H",,} is vector of hydraulic heads.
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3. Solve Eqs (2.5) by iteration using the Newton-Raphson method. The iterative formula

for this method is

(2.6)

where H(m) is the estimate at the m - th iteration for the heads, and ll-l(H(m» is

the inverse of

'j& 'i' Ii:::, 1 , 2 ••
:~ Ii: -Ii:::D.= ." at H.(m) (2.7)

';l~ 8a; :i··."
Iteration is started with an estimate of heads, H.(O) , at all the nodes of the system.

This estimate can be based on experience. Il and G. are computed at .1l(D). Then

Eq. (2.6) is used to obtain an improved estimate of heads, H.(l). Iteration is repeated

until the differences between the (m + 1)th and the (m)th heads are within a desired

accuracy. Flows are obtained from the computed heads using Eqs. (2.3), (2.5), and

(2.9).

The advantage of the Newton-Raphson method is its quadratic convergence rate, i.e., the

error of the result of the (m +1)th iteration is proportional to the square of the result of the

(m)th iteration and is independent of the initial choice of JI!.0). However, it is impossible to

model components where the discharge is specified, because in this method it is only possible

to specify pressures at nodes.

2.5 Summary

This section provides information on the components and hydraulic analysis of water supply

systems. Two methods are commonly used for the analysis of flow and pressure distribution

in undamaged systems: The Hardy-Cross method and the Newton-Rapson method. How

ever I these methods are not suitable for the analysis of damaged water distribution systems

because they can predict high negative pressures that cannot occur in actual system.
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SECTION 3

HYDRAULIC NETWORK MODELS FOR
DAMAGED SYSTEMS

3.1 Introduction

Water distribution networks are designed to deliver water to each junction of the system

in sufficient quantities and at adequate positive pressure satisfying design demands. The

output of the system can be altered drastically if the system is damaged, e.g. following a

seismic event. Current methods of hydraulic analysis may predict large negative pressures

at many junctions of the damaged network because of the assumption of continuity of flow.

Negative pressure can develop only if the system is perfectly air tight. However, physical

systems have leaks so that negative pressures cannot be maintained.

This Section presents a new method for the analysis of damaged water distribution networks.

The method is based on the assumption that air is admitted into pipelines when one or more

nodal pressures are significantly below the atmospheric pressure. The unknown parameters

are flows and hydraulic heads. They satisfy a set of nonlinear algebraic equations which

can be solved by iteration. The number of equations in this new method is equal to the

total number of nodes and pipes of the system. In contrast, the total number of equations

involved in the Newton-Raphson method or the Hardy-Cross method is smaller than total

number of nodes and pipes.

An important factors for estimating system performance are serviceability and degree of

damage. The serviceability can be defined, e.g., as the ratio of total available flow, at a set

of prescribed hydrants of a system in a particular damaged state, to a specified demand.

The degree of the system damage can be defined, e.g, &8 the ratio of total available flow

for the damage state to the total available flow for the undamaged system. A simulation

method is developed to estimate the performance of water supply systems baaed upon the

above formulation. It involves (1) generation of fire scenarios consistent with site fire riski

(2) hydraulic analyses for undamage state; (3) generation of sample damage atates for water

supply systems consistent with site seismicitYi (4) hydraulic analyses of damaged systems;

and (5) development of post-earthquake performance measures from statistics of the analyses

performed in the second and fourth step.
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3.2 Formulation

The continuity and energy requirements in Eqs. (2.1) and (2.3) are used simultaneously

to form a set of nonlinear algebraic equations in terms of unknown pressures and flows

characterizing a supply system. The unknowns are solved by iteration. Minor loases due to

system components in Eq. (2.9) are assumed to be small compared to friction losses in long

straight piping and hence are ignored in this formulation.

The flows in the the friction loss Eq. (2.5) can be either positive or negative depending of

direction of the flows. To account for the sign Eq. (2.5) is modified to

From Eqs. (2.2), (2.3) and (3.1)

Pi - Pj· = 'YK.IQ,III-lQ. - 'YEi + 'YEj

(3.1)

(3.2)

(3.3)

where Ei and Pi are elevation and pressure at node i, 'Y is the specific weight of water, K"
and (I are constants dependent on head loss Eqs. (2.6), (2.7), or (2.8).

The flows Qi" in pipelines merging at a node i and the discharge flow Qi at node i satisfy

the continuity condition given by Eq. (2.1)

lIpi

EQilt =Qi

"
where the summation extends over all the pipes converging to node i.

Eqs. (3.2) and (3.3) form a set of Rp nonlinear and 7Iw linear algebraic equationa,

and

where

lIpi

E Qi" = Qi, i = I, ... ,7Iw

"

(3.4)

(3.5)

(3.6)
1

b" = ~~::--:-~..,K"IQ.I--l

In Eqs. (3.4) and (3.5), Q. and Pi are the unknown., Ei and Qi are known quantities. Thus

the total number of unknowns in this method is Rp +,.. The number of unknowns in
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the Hardy Cross and the Newton Raphson methods, described in Section 2 are n, and nn
respectively. Eqs. (3.4) and (3.5) can be written as,

[A]{X} = {r}

where

and Ci = "'f6lc(Ei - E;). The matrix [A] is ofthe form

[A] = [[I] [6]]
[d] [0]

(3.7)

(3.8)

(3.9)

(3.10)

In Eq. (3.10), the unit matrix [I] is of size (n, x n,), the matrix [d], consisting of 1, -1 and

O's, is of size (nn x n,), and the lower right block [0] has only zeros. The upper right block

[6] of size (n, x nn), contains functions of Qlc defined by Eq. (3.6). Both the lower left and

upper right corner blocks are sparse matrices. Eq. (3.7) can be rewritten as

[
[I] [bl ] { ZI } = { rl }

[d] [01 Z2 r2

(3.11)

(3.12)

(3.13)

which can be used to determine {ZI} and {Z2} by iteration. The matrix [tlJ[e] in Eq. (3.12)

is symmetric of size (nn x B n ) and is in general sparse. A sparse matrix equation solver is

used to compute {Z2} from Eq. (3.12).

Consider a seismic event causing a fire scenario consisting of n" fires with required flows Qi·
at minimum positive pressures pi, i = 1, ... ,n". Let Qi, i = I, ... ,Bl be estimated discharges

at the hydrants nodes i closest to these fires. Let Pi, i = 1, ... ,n1 be the pressures at hydrant

nodes i obtained by hydraulic analysis of the system. Some of these pressures may be less

than pi. Let n" = 1, in which case the pressure PI decreases monotonically with increase
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of QI. In order to supply water with a pressure PI = pi, analyses are pe110rmed iteratively

with Ql &8 iterate. When nA > 1, the analYE~s are still performed iteratively, but instead of

solving for Pi = pi, i = 1, ... ,nA, an objective function such &8

can be minimized. Here

ft.
e = E IQi - Q/I,(Pi - pi)

i=l

.s(z ) = 0, for z < 0

= 1, for z ~ 0

(3.14)

(3.15)

The minimization is performed by proportionately varying all the QiS such that a a single

parameter Qi/Q/ is used in the iteration.

The proposed method of solution follows five steps:

1. Flows, QIc,1c = 1, ... , np , through all the pipes and discharge, Qi, i = 1, ... , nA, at fire

hydrants of the network are estimated. The matrix [b] is formed from the flows through

the pipes.

2. Pressures at nodes are obtained by solving Eq. (3.4) and Eq. (3.5) simultaneously using

a symmetric, sparse matrix equation solver.

3. The flows QIc are updated according to Eq. (3.4)

4. Steps 1 through 3 are repeated until the absolute values of all the differences between

the current and the previous values of flows are less than a specified tolerance.

5. Steps 1 through 4 are repeated to minimize the objective function in Eq. (3.14), by

proportionately varying Qi.

3.3 Negative Pressure

Hydraulic analysis of damaged supply systems, using equations of continuity and energy, can

predict large negative pressures at nodes. To address this problem, the present analysis is

based on the assumption that the system admits air at node i when the pressure, Pi, at this

node falla below atmospheric pres.ute. This u.umption is consilieDt with the performance

of pipeline system. becaule they are Dot air tight.
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Consider a node i with Pi < 0 and hydraulic head Hi = Ei +pih, where zero stands for

the atmospheric pressure. Since the physical systems are not air tight, air enters the system

through node i causing the pressure at node i to become equal to atmospheric so that

Pi == O. Then, the head at node i is Hi = Ei +Pih = Ei. Let Q" be the flow through pipe

k connecting nodes i and j. Flows QIe are zero if Ei = Hi > H; for all nodes j. In this case,

node i is called a no - flow node. Flows QlI are not zero when the above condition is not

satisfied for all nodes j. In this case, the condition for an open channel flow or, partial flow,

is met for pipelines k with H; > Ei. The corresponding node is reported to as partial- flow

node.

The solution of a damaged pipeline system involves several phases. First, nodes with negative

pressure are identified and divided into two categories: no-flow nodes and partial flow nodes.

The no-flow nodes and the pipes converging to these nodes are eliminated sequentia.1ly,

starting with the node of highest negative pressure. Flows and pressures are recalculated

after each elimination. The no-flow nodes may isolate & part of the network, in which case

that part is simply taken out from the system. Second, partial flow nodes are considered.

Let i be a partial flow node and j be a node connected to i so that Hj > Ei. Then, the

pipe connecting nodes i a.nd j has partial flow. The effect of partial flow in the pipe is

approximated by decreasing the roughness coefficient of the full flow pipes until Pi = O.

This is a heuristic approach. Thus, the explicit calculation for an open channel profile is

avoided. While adjusting any no-flow or partial flow node, the previously adjusted nodes are

checked to ensure that they continue to meet the criteria for no-flow and partial flow nodes.

The algorithm involves lengthy computations because of repeated flow analyses of the entire

network.

3.4 Potential Damage States of a Pipeline System

In this report the characterization of seismic performance of network components is based

on records relative to seismic waves and permanent ground deformations from previous

earthquakes. These observations can be used to develop approximate relationships between

the mean break rates of pipelines ~(I) and modified Mercalli Intensity, I. The probability

of at least one break in a pipeline of length L caused by an earthquake of intensity I can be

approximated by

P,(L,I) = 1 - czp(-.\(I)L)
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if it is assumed that the breaks occur according to a homogeneous Poisson process of intensity

~(I). Local soil conditions can be accounted for by letting ~(I) be a function of location. In

this case the pipe break follows an inhomogeneous Poisson process. According to this model,

pipelines can be either fully operational (0% damage) or disconnected (100% damage).

Estimates of the mean break rate ~(I) obtained from field observations usually include

disconnected and partially damaged pipelines. Since, the partially damaged pipelines still

provide some flow, the analysis based on these estimates tends to be conservative. The model

could be refined by considering additional damage states, such as leaks, which do not involve

a complete loss of continuity. However, information currently available from post-earthquake

studies is insufficient to calibrate such a model.

In addition to pipe breaks a system can be damaged by hydrant breaks. The occurrence of

hydrant breaks can be modeled by a Bernoulli random variable. According to this model

only two outcomes are possible: hydrant breaks or hydrant survives.

The Bernoulli model also can be used to generate fire ignition. Fire ignition results in water

demand at the closest hydrant .. Thus, the hydrant can be either open in case of fire or closed

in case of no fire. The size of the fire determines the water demand at the hydrant. The

water demand is modeled by a random quantity with a lognormal distribution. A detailed

presentation of Bernoulli modeling procedure will be in Section 5.

3.5 System Definition and Serviceability Analysis

A network includes pipes, pumps, reservoirs, hydrants, valves, and other components, that

may be turned on or off selectively. The system components must be specified before any

analysis is performed.

Following the system definition and the selection of earthquake intensity I, damage states

containing pipe and hydrant breaks can be generated, from the water supply system. Damage

state can be obtained by generating a number, u, from a uniformly distributed random

variable U in the range (0, 1) for each pipe and each hydrant and comparing these numbers

with probabilities Pp(L, I) in Eq. (3.1) for pipe breaks and with the failure probabilities, Ph,
of a hydrant. If u < P,,(L,1) at least one pipe break occurs along the pipe so that the nodes

at the pipe ends are opened to the atmosphere. Otherwise, connectivity between these nodes

is retained. Hydrants can be modeled only at nodes. If u < Ph the hydrant breaks. A pipe
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open to atmospheric pressure is added to the node to model the hydrant break. A sample o(

the damage state of a system can be generated by applying this procedure to all pipes and

nodes of the system.

Fire ignitions can be obtained in similar fashion as hydrant breaks by replacing the failure

probability Pia by the probability P, of having a fire in the vicinity of a hydrant. Fires can

be modeled only at nodes. A pipe open to 20psi pressure is added to the node to enable a

water demand. The water demand at the node can be generated from lognormal distribution

assuming the second moment characterization of the demand is known.

Consider a fire scenario consisting of nla fires demanding flows Qi· at minimum hydrant

pressures pi near hydrant nodes i = 1,2, ... ,n~. Consider the objective function in Eq. (3.14)

corresponding to Qi· and pi. The damaged system can be analyzed, using this objective

function and the method for hydraulic analysis in this report. Let Qi and Pi be the discharges

and pressures at hydrant nodes i. The total available flow, QT, is defined as the sum of

discharges from the hydrants with pressures Pi ~ pi. Thus,

ft"
QT = L Qi'(Pi - pi)

i=l

(3.1)

o
is a sample of a random variable depending on earthquake intensity, damage state, a.nd fire

scenario in the system. The function a(Pi - pi) has been defined in Eq. (3.15).

The available flow QT can be used to develop the post-earthquake performance metBures:

the serviceability index S, •

and the damage index Sd

QT
Sd=

QTO

(3.2)

(3.3)

where QT· is the total required and QTO is the total available flow (or the undamaged system.

Values of S, and Sd corresponding to simulated damage states and a specified fire scenario

can be regressed against earthquake intensity I to develop global serviceability measures for

a water supply systems. These regressions constitute fragility curves of the system. Fragility

curves ca.n also be developed (or modified version of the original system, e.g., by replacing

some of its components with stronger components. The approach can be used to identify

the most critical components o( a system.
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3.6 Summary

A new method is presented for the analysis of damaged water supply systems. The method

can account for the negative pressure that usually develops in systems that are damaged by

seismic excitation. The method provides estimates for the system serviceability in damaged

state and the degree of damage.
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SECTION 4

SAN FRANCISCO AUXILIARY WATER SUPPLY
SYSTEM

4.1 Introduction

The Auxiliary Water Supply System (AWSS) supplies water exclusively for fire protection

of the San Francisco. The system wu constructed after the 1906 earthquake when became

evident that the Municipal Water Supply System (MWSS) alone could not provide sufficient

fire protection for the city. The AWSS is a high pressure system that covers approximately

20sq. miles of the city area. Within this area, historical evidence distinguish locations with

potentials for soil liquefaction and large ground deformation [35,40]. Several areu are par

ticularly identified for which hu been shown " clear evidence between ground deformation

caused by soil liquefaction and damage to underground pipeline system. Detail soil investi·

gation of these areu are helping to estimate the amplification of permanent ground motion

attributed to soil liquefaction.

This section hu two major parts. The first part of this section describes the geotechnical

characteristics of the areu with soil liquefaction potentials. The second part fully describes

the AWSS. In addition, it briefly describes the MWSS and Portable Water Supply Systems

(PWSS) u contributing water systems for the City's fire protection.

4.2 Geotechnical Characteristics

Four well defined areas are particularly vulnerable to earthquake hazard. in the city of San

Francisco. Figure 4.1 show. those areas of severe ground .haking, soil liquefaction and large

ground deformations observed during the 1906 and 1989 earthquakes. The areu, which are

bounded by duhed lines, include the Marina district, South of Market, Mi.sion Creek, and

Foot of Market. In this areas fill had been placed along the waterfront, inlets, coves, marshes,

and ravines. A brief geotechnical description of these filled sones is presented to indicate

their vulnerability during earthquakes.
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The Marina site was developed in two stages by placing sandy fills on soft clays and silts.

The first stage ill mostly related to land-tipped fills prior to 1900. The second stage occurred

in 1912 wheu sandy sediments were dragged and pumped into the lagoon bounded by an old

seawall. The maximum depth of fill is about 20-ft. The depth of water table is about 8-ft.

Fills and deposits are placed on top of Holocene bay mud. It has been shown [391 that these

fills have a relatively high susceptibility to liquefaction.

The South of Mnrket site is the area of old Sullivian Marsh, a tidal marsh which was con

tiguous with two small tidal streams. The original shore line of Mission Bay was at this

site. The area was filled in 1850's with material excavated from the nearly sand dumes

[32]. The fill varies in the depth with average thickness of about 20-ft. The depth of water

table is approximately 6-12-ft. The fill is underlined by a peat deposit, about 3-6-ft thick.

Liquefaction potential analyses were performed for the fill indicating that the area is highly

susceptible to soil liquefaction for events comparable in magnitude and intensity to those

experienced during the Loma Prieta earthquake [39].

The Mission Creak site is the area of former tidal creek and neighboring salt marsh. Fill

is generally a very loose fine sand, about 20-ft thick. A water table is approximately 3-9

ft below ground surface. The fill is underlined by about 20-ft of Holocene bay mud, with

approximately 120-ft of dune sands and stiff clayp J to weathered serpentine bedrock at a

depth of roughly 60-ft from the ground surface. The liquefaction potential analyses of the

site also indicate highly susceptible to soil liquefaction for events comparable in magnitude

and intensity to those experienced during the Loma Prieta earthquake [391.

The Foot of Mar1:d site is the downtown area of San Francisco. Development of this area

begun in the 1850's when the original shore line was displaced. The artificial fill is primarily

composed of loose fine sand or silty sand with rubble. Depth of the fill varies approximately

from 20-40-ft. A deep deposit of silty clay and dense clayey fine sand underlines the fill. The

ground water table is at depth of about 6-15-ft. This site experienced a high intensity of

liquefaction and permanent ground displacement during 1906 and 1989 earthquakes.

Geotechnical characteristics and historical evidence of these four areas indicate a high po

tential for widespread liqnefaction ground failure. Amplification of bedrock motion through

the deposits of soft clay and silt contributed to strong shaking and damage at the surface.

Such amplification also was responsible for triggering soil liquefaction by which would not

have been attained without the presence of soft bay sediments.

Pipelines tend to follow ground deformation since they are placed in ground. It haa been
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shown a remarkable correlation between the locations of pipeline breaks and surface to

pography [36]. A large number of breaks had been observed along the uoundary between

solid and artificialy made ground. Breaks in pipelines were primary result of permanent

ground motions in the areas vulnerable to soil liquefaction. The GISALLE allows modeling

of this phenomena by introducing an amplification factor for pipes crossing the zones of high

potentials for liquefaction.

4.3 Water Supply System in San Francisco

There are two main water supply systems in the city of San Francisco: the Auxiliary Water

Supply System (AWSS) and the Municipal Water Supply System (MWSS). The systems are

totally independent since the AWSS is used on~y for fire protection while the MWSS provides

the main source of domestic and commercial water. However, the MWSS can be used &8 an

additional support for fire fighting purposes &8 well. In addition to these two systems the

city of San Francisco has also a Portable Water Supply System (PWSS). In the past, the

PWSS has provided an important contribution to the City's fire protection.

4.3.1 Auxiliary Water Supply System (AWSS)

Nearly 85% of the total damage to the City of San Francisco caused by the 1906 earthquake

was due to fire destruction. The eDsting water supply system) MWSS) failed to provide

sufficient amount of water because of the large number of breaks in the trunk and distribution

lines. The need for construction of the AWSS emerged after this earthquake. The system

was designed to provide a supplementary network that would work independently of, and in

parallel with, the MWSS. The major portion of the system W&8 built in the decade following

the 1906 earthquake. It covered the Central Business District on the North-East part of the

City. Throughout the years the system W&8 gradually extended into other parts of the City,

although the original portion still constitutes the majority of the network.

The AWSS operates at a pressure of about 150psi. The system is the backbone of the

fire protection of the San Francisco. It is owned and operated by the San Francisco Fire

Department (SFFD). The AWSS has no domestic and commercial connection. and is used

only to provide water for fire demands. Fisure 4.2 shows a plan view of the AWSS) with

contour lines of equal elevation. The network is separated into two BOnes: the Lower Zone)
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shown with solid lines and the Upper Zone, drown with dashed lines. Two zones can be

connected to increase the pressure in the Lower Zone.

The AWSS is composed of approximately 125 miles of buried pipes with nominal diameter

ranging from 10-20 inches. Nearly 100 miles of the system is cast iron, of which about 25

miles of ductile iron pipe have been added during the past several years. Pipes are connected

by sleeved joints and restrained against pullout by longitudinal bolts. However the joints

can rotate to allow pipelines to accommodate for differential ground settlement. Flow in the

pipes and different regions of the network is controlled by standard gate valves and check

valves. The valves are operated from a control center locate at the Jones Street Tank house.

The control center provides readings from a limited number of pressure gauges distributed

throughout the system. A number of gate valves can be remotely operated from the center

via land lines. However, many gate valves in the system must be operated manually. The

outflow from the system is provided through the fire hydrants.

The Hydrants are typically constructed of 8-in diameter cast iron elbow supported by a

concrete thrust block at approximately 5-ft below the surface level as shown in Figure 4.3.

Because of the high pressure in the mains, fire trucks are not required to feed individual

nozzles. Using a special pressure regulating device known as a "Gleeson" valve, the pressure

to several fire hoses can be controlled directly at the hydrant, making the AWSS usable

even in the case that access to a fire by fire trucks is impossible. A shut-off valve is located

between the hydrant and the network and is used to control water supply, and to maintain

and replace hydrants.

The Water Supply of the AWSS is provided from three major sources: reservoirs, pump

stations and fire boats.

Three reservoirs are available: Twin Peak Reservoir, Ashbury Tank, and Jones Street Tank

as shown in Figure 4.4. The Twin Peak Reservoir is located on the highest point of San

Francisco. The reservoir supplies the Upper Zone as well as the Lower Zone. This is the

largest reservoir with a capacity of 10 million gallons. The capacity may not be adequate un

der emergency conditions which can result after an earthquake. The Ashbury Tank supplies

water and controls pressure in the Upper Zone. It has a capacity of 0.5 million of gallons.

The Jones Street Tank supplies water and controls pressure in the Lower Zone. It has a

capacity of 0.75 million gallons. The Lower Zone pressure can be increased by opening the

valve at the JST house. The pressure in the Upper Zone is controlled by the Twin Peak and

the Ashbury Tank.
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Two pump stations can contribute to the reservoirs supply by pumping water from San

Francisco Bay into the system. Originally, both pump stations were steam powered and

were converted to diesel power in the 1970's. The pump stations have four engines, each of

which has capacity of 2,500 gpm at 300 psi. Pump station No.1 located at the corner of 2nd

and Townsend Sts. and supplies only the Lower Zone. However, Pump station No.2 located

at Aquatic Park can supply both Zones.

The AWSS has five manifold connections along the City's waterfront, that permit the City

fireboat Phoenix to act as an additional "pump station", supplying the AWSS with San

Francisco Ba.y water. The Phoeniz pump capacity is 9,600 gpm at 150 psi.

The damage of the San Francisco MWSS in the 1906 earthquake was related to ground

failures and concentrated in zones corresponding to filled-in land. It is very likely that

similar ground failures can occur in future earthquakes. Therefore, the AWSS was designed

to accommodate for the critical zones. The system haa ten zones, referred as "infirm areas"

as shown schematically in Figure 4.5. The areas coincide to the zones of expected ground

failure. In the infirm areas the pipe network is specially valved to minimize the water loss

in cue of failure. All of the gate valves isolating the infirm a.reas a.re closed. Thus, water

main breaks occurring in the infirm a.reas can be quickly isolated. On the other hand, should

major fire demand be required in these a.reas the water supply can be increased significantly

by opening these valves.
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4.3.2 The Municipal Water Supply System (MWSS)

This system can be used as a supplement to the AWSS for fire fighting via hydrants and

sprinklers. The MWSS provides water from 18 different reservoirs and a number of smaller

storage tanks. The water is stored at different levels creating zones, or districts, where water

is distributed within a certain range of pressure. There are 23 different pressure districts, of

which the Sunset and University Mound Reservoir System are the largest. The pipelines in

these systems range in diameter from 8 to 60 inches, and vary in composition from riveted

and welded steel to cast iron.

4.3.3 The Portable Water Supply Systems (PWSS)

This system can increases the rellability of fire fighting water supply in North-East quadrant

of San Francisco because major fires can and do occur [51] at large distances from the

AWSS pipe network. The basic components of the PWSS are: (1) Hose Tenders, trucks

capable of carrying 5OO0-ft. of large diameter e.g., 5-in hOBe, and a high pressure monitor

for master stream, (2) Hose Ramps, which allow vehicle to cross the hose when it is cha.rged,

(3) Gated Inlet Way, allowing water supply into large dillolD.eter from standard fire hOBe, (4)

Gleeson valve, a pressure reducing valve, and (5) Portable Hydrants, that allow water to be

distributed from large diameter hose.

The large diameter hose is camed on hose tenders, together with portable hydrants, pressure

reducing Gleeson valves and other fittings. Each hose tender caries almost one mile of hOBe,

and is capable of laying the hose in about twenty minutes. HOBes are intermittently fitted

with portable hydrants, providing points of water supply at many locations along the hose.

4.3.4 Underground Cisterns

The city of San Francisco has also 151 cisterns mainly in the northeast region of the City.

These cisterns are typically of concrete construction. Only few are brick that were con

structed prior to the 1906 Earthquake. Cisterns have capacity of approximately 75,000

gallons. They are located at street intersections, accessible by a manhole. They are highly

reliable and have an extremely low maintenance. The cisterns are completely independent

of all piping and are filled from pumpers by the San Francisco fire department. In the event

of a water main failure, water may be drafted from these cisterns via. manholes. A bond
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issue was passed in 1986 for constructing an additional 95 cisterns outside of the northeast

quadrant of the City.

4.4 Summary

The geotechnical description of the area covered by the AWSS indicate existence of several

zones with high potentials for soilliquefadion. The components of the AWSS in these zones

are likely to be exposed to large ground deformation. Degree of the permanent ground

movement can be estimated from the specific soil characteristics of these areas. This zonal

vulnerability of the system is implemented in the GISALLE code.

The description of the AWSS demonstrates the complexity of this system. It is not possible

to predict accurately neither the potential spatial distribution and intensity of the system

damage nor the potential fire demand caused by seismic events. Therefore, system dam

age state and fire demand scenario need to be modeled as random quantities. A computer

simulation algorithm is the only convenient way to ana.yze and predict the seismic perfor

mance of AWSS. A computer code, GISALLE, provides such a tool for analyzing the seismic

performance of water systems.

4-11



SECTION 5

GISALLE

5.1 Introduction

An interactive computer code with graphical capabilities, GISALLE, was developed at Cor

nell Univenity for evaluating the seismic performance of water distribution networks. The

code is applied to determine the seismic serviceability of the Auxiliary Water Supply System

(AWSS) in San Francisco. Several performance indices can be determined.

The code involves modules for system definition, system modification, seismic damage mod

eling, hydraulic analysis, statistical analysis and presentation of results. The modules for

seismic damage representation and statistical analysis involve probabilistic, simulation, and

statistical concepts.

The GISALLE code includes a pre- and post-processor with graphic interface to facilitate

the system definition and display probabilistic measures of system serviceability. The code

demonstrates how computer simulation of complex lifeline networks can be used for rapid

system analysis in case of emergency and for management within the context of practical,

day·ta-day operational demands.

5.2 Organization of the Computer Code

Figure 5.1 shows the major components of GISALLE. The code has preprocessing, analysi.,

and postproces.ing capabilities. The Preprocu.or can be used to generate damage states

of the water supply system consi.tent with the site seismicity, soil conditions, conflagration

risk and network characteristics. The AMly.ti.t determines available fiows and pressures at

critical hydrant locations that correspond to generated damage state and fire scenario. The

output consist of pipe fiows and node pressures, serviceability indicCl, and fragility curves.

The Poatprocea.or provides display of fiows, pressures, and serviceability measures.

The principal modules of GISALLE are the definition, modification, damage, hydraulic anal

ysis, statistical, and results modules.
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5.3 Definition Module

The GISALLE code has a library of undamaged water supply systems in the form of data

files. Figure 5.2 shows the graphical representation of the AWSS on the computer screen as

provided by GISALLE. This is a 2-D approximation of the as-built system because pipeline

of diameter smaller than to-in are not shown and not all junctions are presented. However,

demands for the pipes or regions not shown can be specified at correllponding nodes. Pipelines

of different diameters are represented by lines of different thicknesses increasing with the pipe

diameter. Three water supply sources are also shown in the figure: the Twin Peak Reservoir,

the Ashbury Tank, and the Jones St. Tank. The figure shows five fire boat manifolds along

the bay line. Fire boats may be connected to one or more manifolds. The figure shows also

Pump Stations 1 and 2. These stations are modeled as single pumps or combinations of

pumps with characteristics described in Section 6.

The data file provides a full description of a water supply system. It contains information on

pipes, valves, and nodes. The pipes are characterized by size, length, roughness coefficient,

soil condition, and nodal connectivity. The valves are modeled as lO-ft-Iong pipes inserted

between two nodes. Valves are described either as closed or check valves. Closed valves

prevent the flow in the corresponding pipes. Check valves are modeled as closed pipes only

if water flow is against the operating direction. The nodes are specified by coordinates, ele

vation, specified demand, soil condition, fire risk, and connectivity to pipes. Description of

nodes include additional information if nodes are connected to fixed or variable grade com

ponents. Fixed grade nodes are nodes connected to reservoirs, storage tanks or a discharge

point where pressure is specified. Variable grade nodes are nodes, connected to pumps and

fire boats. The GISALLE code can be applied to analyze very large networks transporting

water or other fluids. The program accepts British and SI units.

5.4 Modification Module

The initial data file stored in the GISALLE library can be modified to correspond to a par

ticular supply-demand scenario by means of the modification module containing interactive

computer graphics code. The module has two parts: The On-0Jf Module and The Edit

Module. The modification module can he skipped to call the analysis module directly.
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5.4.1 On-Off Module

The On-Of Module represent an efficient way of activating or df:aetivating components of

the system, such as tanks, pumps, fire boats and hydrants, specified in the initial data file.

Open hydrants are modeled as shown in Figure 5.3 and can be introduced at any node of

the system. An open hydrant at a node can be represented by lO-ft-long, 8-in.-diameter pipe

placed at this node and with a pressure of at least 20psi at the free end. This pressure is

commonly required by fire insurance underwriters as the minimum acceptable pressure. The

pressure provides an adequate margin of safety against excessive demand by a fire truck,

which can, in turn, cause negative water pr~ssure and collapse of fte;-ible hoses. However,

the code allows any specification of pressure, at the discretion of the program operator, to

explore emergency conditions in which required pressures can be lower or higher then those

consistent with the underwriting standards.

•

I
~/'.".,.,

HYDRANT CLOSED

HYDRANT OPEN

&cquirul flow or pressure:

e.g., Pressure =20 psi => Fire Hydrant

Prasure = 0 psi => Broken Hydrant

Figure 5.3: Schematic Diagram of Hydr&1lt. Simulation

5.4.2 Edit Module

The Edit Module can be used to add/delete system components and to specify their seismic

vulnerability. System components e.g. pipes, nodes, and valves can be added or deleted from

the system. This allow. the user to study potential extension of the system and to optinUse

the valving strategy. The seismic vulnerability of the components is characterised by different
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amplification factors, assigned to the pipes, hydrants, and valves. The components with

different amplification factors are distinguished by its color. Reliability of tanks and pumps

can be estimated by amplification factor assigned to corresponding connection pipes. This

allows to study the effect of potential regional soil liquefaction. Particular pipes can be

upgraded from their strength to earthquake resistant pipes that sustain no damage during

seismic events. This feature can be used to detect the most critical system components

from the sensitivity of the system performance with respect to this component. A particular

component is critical if its upgrade to a seismic resistance component results in a significant

increase of the system performance. An optimal upgrading strategy can be developed based

on sensitivity studies and economical consideration.

5.5 Damage Module

The damage state following an earthquake depends on (1) the reliability of individual system

components e.g., pipelines, valves, hydrants, tanks and pump stations, (2) vulnerability to

the fire initiatiC'n (3) the soil conditions, and (4) the characteristics of the seismic event.

Damage of a fystem can be caused by permanent ground displacements and/or traveling

ground waves. Permanent ground displacement can disconnect major portions of a water

supply system from reservoirs and other water sources. On the other hand, breaks, leaks

and fire demands caused by seismic waves tend to be distributed over the entire system.

Distribution of pipe breaks, hydrant breaks and fire demandli is accomplished by the Pipe

Break Module, the HydrtJnt Break Module and the Fire Module.

5.5.1 Pipe Break Module

Two options are available for characterizing the pipe breaks distribution following an earth

quake. They are based on two models: deterministic and probabilistic. The deterministic

option enables the user to input breaks at specified locations by means of computer graph

ics. This option is useful to analyze the effects of particular pipe breaks on the system

performance.

A Poisson modd is used to generate randomly distributed pipe breaks in the system. Let

~(I) be the mean break rate of a pipe subject to an earthquake of intensity I. Then, the

pipe fails with probability
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(5.1)

if its length is L/c. The vulnerability of the pipes in the areas where amplification of ground

motion is expected can be accommodated with amplification factor, vpt , assigned to each

pipe Ie. The GISALLE code generates a uniformly distributed random number u in (0,1) for

every pipe and compare this number with the calculated failure probability P,t in Eq. (5.1)

for this pipe. A break occurs in the pipe if u exceeds 1 - PPt.

The amplification factor vPt can be estimated from the soil condition in the vicinity of each

pipe Ie. This factor can also account for the different mechanical characteristics of the pipe.

The mean break rate can be estimated from repair records following major earthquakes [351.
Figure 5.4 shows mean repair rates for cast iron pipes as a function of the Modified Mercaly

Intensity (MMI) observed following several U.S.•;:arthquakes including the 1989 Loma Prieta

earthquake. A linear trend between repair rates and earthquake intensity is also shown. The

data for earthquake intensities in the MVI to MVII range involve damage caused by traveling

ground waves, whereas data for the MVIII and MIX intensities involve both traveling and

permanent ground movement effects.

Figure 5.5 shows the mechanical model for pipe breaks. Consider a pipe segment of length

L connecting the two nodes. To simulate a break a closed valve is introduced on the pipe

to prevent flow between the nodes. Two new pipes of length L/2 and same diameter as

the original one are added to each node with atmospheric pressure fixed at the open end of

these pipes. The procedure simulates a complete rupture at the center of the original pipe.

It is possible to simulate partially broken pipes. However, SUCll a refinement may not be

justified b('~ause of the limited data on pipeline performance. Moreover, the proposed model

is conserva.. ve because it overestimates the amount of lost water through leaks as explained

in Section 2.

The mechanical model for pipe breaks in Figure 5.5 can cause a discontinuity in the system

and result in instability of the solution of the flow equations. A subroutine checks for this

condition and, if necessary, replaces closed valves by 1-in.-diameter pipes. This small diam

eter effectively eliminates flow, while maintaining hydraulic connectivity and computational

stability. A slight increase in solution time results for each replacement of a closed valve by

a small diameter pipe.
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Figure 5.5: Schematic Diagram of Pipe-Break Simulation

5.5.2 Hydrant Break Module

This module provides deterministic and random options for hydrant breaks distribution. The

deterministic option specifies location of hydrant breaks. The hydrant break location does

not necessarily refer to a particular hydrant, but rather to a general area which may involve

approximately one city block with several hydrants. This modeling procedure is verified in

Section 6.

A broken hydrant at a node is modeled as shown in Figure 5.3 by a 5-ft-Iong and 8-in.

diameter pipe. The pipe is connected to the node at one end and open to atmospheric

pressure at the other end. The model is based on the assumption that a typical lO-ft-Iong

hydrant breaks in the middle of its length. The deterministic option allows to specify a

hydrant break at any node. The selection of these locations may relate to areas of great

potential for permanent ground displacement, potential of fallen brick building. that may

break a hydrant, and other vulnerable areas known hom past experience. The module

allows the user to study the significance of particular hydrant breaks on overall network

performance.

The random option generates hydrant breaks throughout the system. Hydrants breaks occur

according to a Bernoulli model of parameten l1liPli where Pli i. probability of hydrant

failure and vAi is seismic amplification factor at node i. The seismic amplification factor

may vary with location. The module generates a uniformly distributed random number u in
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(0,1) for each hydrant and compares it with the assigned and modified probability offailure

vh> Ph>' A hydrant break at node i occurs if Ui exceeds 1 - v~ Ph>'

5.5.3 Fire Module

This module allows the user two options for fire modeling: deterministic and random. In

the deterministic option fires are specified by its location and intensity. The deterministic

approach is used when locations of fires and fire intensities are either estimated or apriori

known. Performance of a system is analyzed for a given fire scenario.

The random approach is used to generate fire ignition and intensity consistent with the site

fire vulnerability, conflagration risk, earthquake intensity, and soil condition.

The fire ignition corresponds to the location of the closest hydrant at which a water demand

is required. The fire ignition can be modeled as a Bernoulli distribution with parameter

tJl. p" where P,. is probability of having open hydrant at node i, specified in the input

file. The model allows modification of this probability for the locations with different fire

vulnerability. The modification is controlled by a fire amplification factor vI. assigned at each

node i. It is possible to localize the fire initiation to only several locations by setting the fire

amplification factor to zero for the rest of area. The model generates a sequence of n71 trials

where n" is the total number of nodes with fire potentials. The trials are identical, mutually

independent, and each trial can result in either open or closed hydrant. For example, the

model generates a set of uniformly distributed random numbers U in (0,1) and compares it

with the value of V" P,. at each node i. The fire ignitiate if Ui exceeds 1 - VI. P,., The

hydrant is open in case of fire or closed in case of no fire.

The fire intensity typically depends on earthquake intensity, degree of structural damage and

character of building content and can be related to building floor area [49J. Figure 5.6 shows

such relation developed for 20-th century fire ignitions. Building floor area is expressed in

units of Single Family Equivalent Dwellings (SFED) and seismic activity is expressed in

terms of Modified Mercaly Intensity. There is a clear trend in increase of fire ignitions with

increase of earthquake intensity.

The fire intensity in the fire module is characterized by a water demand til required for

fire fighting. The demand til is modeled as a randt)m variable with a lognormal probability

density function (PDF)
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(5.2)

The lognormal distribution has mean E(qi) = elA+tr2
/ 2 and standard deviation V(qU =

e21'+tr
2
(e",2 _ 1). The lognormal PDF is used to prevent negative demands in case of small

demand and large standard dp.viation. Variable In(ql) is a normaly distributed with mean

p. and standard deviation (T that are assigned by the user.

5.6 Hydraulic Analysis Module

Currently available computer codes for the hydraulic analysis of water supply systems, such

as the Wood program mentioned in Section 2, are based on the assumption that the pressure

remains positive at all nodes. The assumption is invalid when dealing with realistic systems

that are not air tight because of breaks and leaks. These codes when applied to analysis of

damaged systems can predict unrealistically negative pressures at some nodes. Moreover,

pressures at hydrants and nodes can not be specified when these codes are used. Therefore,

alternative computer codes are needed for estimating the seismic serviceability of water

supply systems. This module can determine flows and pressures in a damaged water supply

system. The solution is based on the Hazen-Williams formula and involves an iterative

procedure.

Consider a network with nn nodes and np pipes. The flows Qi in pipe k = 1, ... , np connecting

nodes i and ;, and the pressures Pi and Pj, at these nodes, are the unknowns. There are

np + nn unknowns satisfying the same number of nonlinear equations. The first set of

equations represent the conservation of energy (Eq. 3.4):

(5.1)

in which Eq. (3.6)

(5.2)

Ei = the elevation of node ij Ki = a constant dependent on units, roughness coefficient

and diameter of the k'" pipej a = 1.852 is the constant independent of units used in the

Hazen-William equationj and .., = the specific weight of water. The second set of equations
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represents flow continuity (Eq. 3.5)

"Pi
E Qill = Qi, i = 1,2, ... ,nft
11=1

(5.3)

in which Qill is the flow in pipe Ie connecting node i to another node, Qi is the discharge flow

at node i, and npi is number of pipes Ie merging at node i. The hydraulic analysis accounts

for the fact that air can be admitted in the pipeline system when the pressure at a node is

smaller than atmospheric pressure.

The system of Eqs. (5.1) and (5.3) can be solved by iteration. First, initial values are

assumed for the flows QII. The pressures Pi can be obtained by solving Eqs. (5.1) and (5.3)

simultaneously. Then, these pressures can be used in Eq. (5.1) to obtain new values of the

flows QII. The iteration is continued until the difference between flows QII in consecutive

iterations is smaller then a specified tolerance. The convergence is fast because a loop

balancing scheme uses an efficient, sparse matrix equation solver. The sparse matrix solver

uses a real array for nonzero elements and two integer arrays to define the position of the

nonzero elements. In addition, a Gaussian elimination is performed with partial pivoting to

increase the stability of the solution.

The computer code identifies the nodes with negative pressures at every step of the iteration

procedure. A node i with pressure Pi < 0 and the pipes connecting it to nodes j are

eliminated from the system if Ei > Ej +Pih for all j because there is no flow in this set

of pipes. The zero pressure stands for the atmospheric pressure. The node i is classified

as no-flow node. A node i is classified as a partial-flow node if Pi < 0 and the inequalities

Ei > Ej + p;h are satisfied for some nodes j.

The partial flow or open channel flow is characterized by the existence of a free water surface.

The surface represents a boundary subject to the atmospheric pressure. The analysis of the

partial flow is more complex than for th~ full pipe flow. The hydraulic analysis module

performs an approximate partial flow analysis. The approximation assures flow under the

atmospheric pressure. It replaces partial flow with full flow by increasing the roughness

coefficient such that the pressure at the partial flow node is equal to the atmospheric pressure.

The effect of this approximation is examined at Section 6.

The hydraulic module have two options for elimination of the negative pressure nodes: au

tomatic and interactive. The automatic option eliminates all nodes with negative pressure

below a specified treshold. The treshold is specified as a percentage level of the highest neg

ative pressure in the system at every iteration step. The interactive subroutine allows the
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(5.1)

user to specify a different treshold for the negative pressure at each iteration. The interactive

option is useful for verification of the results obtained by the automatic option.

5.7 Statistical Module

This module develops probabilistic measures for the seismic serviceability of a damaged water

supply system. It determines performance indices and fmgility CUM/e.. The performance

index module provides estimates of the post earthquake system serviceability and of the

degree of system damage. The fragility curve module gives a global serviceability measure of

the network for earthquake of intensities over a specified range. These two modules enable

the user to determine: 1) the effect of the pipe and hydrant break rate, conflagration risk

and earthquake intensity on the capability of the network to supply water at fire hydrants 2)

the water loss from the system,.and 3) the efl'ect of retrofitting or replacing selected pipelines

with earthquake resistant lines on the overall performance of a water supply system.

5.7.1 Performance Index Module

Two performance indices are calculated, as indicated in Section 3: the serviceability index

and the damage index. The serviceability index is equal to the ratio of the total available

:flow of the system QT for a specified damage state to the total required flow QT·'

s - QT
• - QT·

This index depends on the current demand and the system capacity. The damage index can

be obtained from the ratio of QT to the total available flow corresponding the undamaged

system QTO,
QTS,,=
Qro

(5.2)

Both indices correspond to a specified set of hydrants used to withdraw water from the

system. Let nh be the number of hydrants in the set. The total available flow QT represents

the sum of the available flow at these hydrants. The performance indices can be time

dependent because of changes in the supply-demand scenario fonowing an earthquake. The

analysis can be repeated for new scenarios to account for these changes.
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The total availal>le llow is a random variable depending on the system damage &tate (Eq. 3.1)

ft.
QT = E QA'(PA - PAl

h=l
(5.3)

in which, Qh and Ph are the available 1l0w and pressure at hydrant h, Ph' is deterministic

value for the required pressure at this hydrant, and ~ is the unit step function which is one

for Ph - Ph ~ 0 and zero otherwise.

The determination of the 1l0ws QA in Eq. (5.3) is not unique when the number of operating

hydrants nh is greater than one as explained in Section 3. An optimization algorithm can

be used to find the flows Qh from the condition that an objective function Eq. (3.14)

ft.
el = E IQA - Qll

h=l

(5.4)

be minimized, with the constraints Ph ~ Ph' h = 1, ... , Rh, where QAis a random variable for

the required llow at hydrant h as explained previously.

5.7.2 Fragility Curve Module

This module evaluates the overall seismic performance of a water supply system via fragility

curves. The module involves hydraulic analyses of the system in simulated damage states

consistent with site seismicity and statistical analysis of available llows in these states. It

provides measures of seismic serviceability and their variation with site seismic intensity and

is based on the performance indices in Eqs. (5.1) and (5.2).

A Monte-Carlo simulation method and statistical methods are used to characterize the ser

viceability of a water supply system by the performance indices in Eqs. (5.1) and (5.2).

The method involves several phases. First, hydraulic analyses are performed for undamaged

states and generated fire scenarios. fecond, damage states are generated for the water supply

system consistent with the range of expected seismic events at the site. Third, indices S.

and St/. are calculated for these damage states. The seeds of the random numbers used to

generate damage states are recorded. Fourth, regression lines are constructed based on S.
and St/. values corresponding to the damage states generated in the second phase. Exponen

tial and up to fourth order polynomial regression lines are available and selected confidence

level can be obtained for each of the lines &I will be explained in Section 5.7.3
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These regression lines estimate damage and serviceability of a water supply system given

earthquake intensity. These lines can also be referred as fragility lines because they represent

overall reliability assessment of system seismic performance.

Figures 5.7 shows a regression line corresponding to 10 values of the mean break rate ~

ranging from 0.01 to 0.1 breaks/km. Three Monte-Carlo runs were performed for each value

of~. The total of 30 corresponding values of the damage index Stl are graphically shown

in the figure. A third degree polynomial regression was fitted to these values. The figure

also shows 95% confidence interval which indicates that the mean value of damage index

will fall within this interval with probability of 0.95. The coefficient of determination R2
,

and confidence level or mathematical expression of the regression curve can be shown in

the upper right window of the screen. The coefficient of determination indicates that 43%

of variation of the damage index is explained by this third degree polynomial regression.

Similar representation is available for the serviceability index S,.

The module also allows the user to see the fire scenario and damage state of the system

associated with a particular value of ~ and Stl or S,. The damage state corresponding

to (~ = O.03br/lem, Stl. = 0.623), the enlarged dot in the upper left window, is shown in

Figure 5.8. The upper right window shows the numerical value of the damage index Stl, the

mean pipe break rate .A, probability of hydrant break, probability of fire ignition, and seeds

used to generate the corresponding damage and fire scenario. The seeds can be used to recall

the particular hydraulic analyses and to obtain flow and pressure distributions.

5.7.3 Regression Analysis

Regression analysis is used to estimate the relation between the performance indices and

earthquake intensity. Polynomial regression and exponential regression are available in the

GlSALLE code.

A polynomial regression model of order k is

(5.5)

where a: is the independent variable, 11 is the expected response, Po,/h, ... ,p" are unknown

regression coefficients, and t is an error term. The GISALLE provides models for Ie = 1....4

where z is earthquake inlensity and 11 is the performance index. Thew: models are linear

regression models since they are linear in the unknowns Po,Pl, ... ,p".
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The error term result from the inability of the model to fit the data exactly. The error E is

a random variable with mean Jl. = a and unknown variance 0'2. The errors are assumed to

be uncorrelated for different values of z. The response 11 is a random variable with mean Jl.,

and Var(1I) = (7'2.

The polynomial model is analyzed by a multiple linear regression technique. The Eq.( 5.5)

can be written using the transformation of variables Zl = Z,Z2 = z2, ... ,ZAI;": zl: as

(5.6)

whie" is a multiple linear regression model involving Ie variables.

The method of least squares is used to estimate the regression coefficients in this model. The

Gaus-Markov theorem states that under given assumptions for the error term the least square

estimators are unbiased and have minimum variance. Thus, the curve given by Eq. (5.5)

provides the best fit to observed response. Let n be the number of available observations, 1Ii

be the i - th observed response, and Zij be the i - th observation of variable Zj. The model

gives

1Ii = fJo + P1Zil + f32z i2 + ... +P"ZiI, +Ei
AI

= fJo +L PjZij +Ei J i = 1,2" .. ,n
j=l

which may be written in matrix form

A vector of least square estimators Pis obtained from

minimizing

5(P) = (11 - X P)' (11 - X P)

= 'Il, - 2{J'X', +PX'XP

(5.7)

(5.8)

(5.9)

(5.10)

(5.11)

(5.12)

&."ld satisfying

85
1

' "-po = -2X , +2X Xp =08P (5.13)

The least square estimator Pis unbiased estimator of P lince E(in = p. The covariance

matrix of /J is COlJ(~) = u2(X'X)-l. A fitted curve j = Xp provides the mean reapollJe.

5-19



A exponential regression model available in the GISALLE code is nonlinear with form

(5.14)

However, the function 1/ can be transformed to linear function using an appropriate trans

formation. For example, using a logarithmic transformation

and substituting 1/' = In 1/, 13~ = In Po, and t:' = In t: the linear form is obtained

1/' = 13~ + 131:1: + e'

(5.15)

(5.16)

The error term E' is assumed independent normally distributed variable with mean zero and

variance tr2 .

An estimate fT of tr is obtained from

• SS.
tr=-

n-I'
(5.17)

where SS. = (1/- x/3)'(1/- x/3) = 1/'1/- /3'x', is a residual sum of squares, n is a number of

observations, and I' is numb~ of parameters estimated in the regression model. The residual

ill the difference between the observed value'i and corresponding fitted value Vi.

An interval estimation of the mean response is used to predict how close the mean response

is likely to be to the true response. For example, a 95 percent confidence interval implies

the true value of the mean response will fall within this interval with probability 0.95. In

general the higher the confidence level the wider the confidence interval.

Let :I:~ = {:l:01, :1:02, " :l:o.} be particular values of the variables for which the mean response

is estimated. The fitted value at this point is itt = :I:~. Then, e.g., 100[1 - 01 = 95, percent

confidence interval at this point i.

Yo - to / 2,,..-,,,j~2:1:0(X'X)-l:l:o ~ Jo ~ Yo + to / 2,,.-,,,j~2:1:o(X'X)-l:1:o (5.18)

where ta / 2,"'-1I is probability P(-ta / 2 ~ T ~ ta / 2) with T &8 random variable with t

distribution, fr given by Eq.(5.17). The t-distribution approaches the normal distribution

provided that number of observation is large enough 80 that the Central Limit Theorem can

apply. Confidence interval can be obtained for selected range of :1:0 values.

A coefficient of determination is used to measure the proportion of observed variation that

can be explained by a regression model. The coefIicient of determination is defined as

~ = 1- SS., (5.19)
SSt
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where S Sf' is sum of squared deviations about the regression curve and SSt is sum of squared

deviations about the horizontal line at the mean of observed values. The coefficient takes

the values between 0 and 1. Usually, the higher th~ value of R2 the better regression model

is in explaining the observations. However, the error due to repeated points for performance

indices at a particular value of ~ can not be explained by R2 value.

5.8 Results Module

This module allows graphical presentation of the results of a hydraulic analysis as shown in

Figures 5.9 and 5.10. The pipes eliminated from the system because of negative pressure

or no How condition are shown with dotted lines. The remaining pipelines, shown with

full lines, are t!tose which have survived the earthquake and are capable of providing a

reliable stream of water for fire fighting. The module includes presentation of flows and

pressures distribution throughout the system. The How distribution is shown in Figure 5.9

where pipes with different How rates are colored differently on the computer screen. This

presentation allows an efficient way of identifying potentially critical pipes for a particular

damage scenario. Pressure distribution is shown in Figure 5.10 where nodes with different

pressure are shown on the computer screen with different color and marker size. Larger

the marker smaller the node pressure. The module also allows the user to recall the full

information for each pipe and node. The pipe information includes How in the pipe, pipe

number, pipe diameter, roughness coefIicient and seismic amplification factor. Similarly, the

node information includes node pressure, elevation, demand, seismic amplification factor for

hydrant breaks and amplification factor for fire ignition.

5.9 Summary

GISALLE code is developed to provide a tool for analyzing seismic serviceability of water

supply systems. The code is baaed on a new method for hydraulic analysis which can ac

count for large negative preasures usually developed in damaged system•. The code provides

determini8tic and probalilistic analyses. The deterministic analyses correspond to a speciAed

fire scenario and damage state. The probabilistic analyses account for the uncertainty in the

system damase and fire scenario. Serviceability measures are obtained by simulation and

regression analyses. The code has a graphic interface to facilitate interaction with the uer.
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SECTION 6

VALIDATION OF GISALLE

6.1 Introduction

The computer code GISALLE was validated by several means to confirm that the code

is capable of reproducing the actual Sows and pressures distribution in a network. The

validation was accomplished by analytical and experimental tests in Sections 6.2-6.4 and

Section 6.5, and 7, respectively.

The analytical tests include a verification of (1) the solution algorithm, (2) the pump model,

and (3) the fire demand model. The GISALLE code was verified by several test problems

that allow an independent hand calculation. Several pump models were examined such as

the regression, three point, and one point models. Conditions were examined under which a

fire demand can be modeled with only one open hydrant.

Experimental tests include the San Francisco Fire Department (SFFD) tests on AWSS and

observations from the Loma Prieta earthquake scenario. The tests provide information

on flows and pressurCii distribution throughout the system, for a particular demand and

system coniiguration. The SFFD tests were used to estimate roughness coefficient in pipes.

These estimates have been used in GISALLE code to predict the performance of the AWSS

following the Loma Prieta earthquake. Numerical results show that GISALLE code is robust

and efficient.

6.2 Test Problems

Several test problems were used to verify the procedure for eliminating nodes with negative

pressures and detecting nodes with partial flow.
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6.2.1 Elimination of Negative Pressure Nodes

Figure 6.1a. shows the network configuration used in the analytical tests. The network

consists of 9 pipes connecting 6 nodes. The network receives water from pipe 1 at a rate

of Q=2000gpm and is discharged through a open hydrant at node 3. The open hydrant

is modeled by 5-ft long and 8-in. diameter pipe as explained in Section 5. This pipe is

connected at one end to node 3 and is open to the atmospheric zero pressure at the other

end. The node elevations, pipe lengths, and pipe diameters are given in Table 6.1.

mpipe numbers

6 " node numbers

4

a.

1ft

b.

1ft

Q=2OOOgpm

Figure 6.1: Test Problem 1: No Elimination of Nodes

According to the procedure presented in Section 3, the equation of energy balance is written

for each pipe and the equation of continuity of How is established for each node. Thus, the

solution of this problem involves a set of 9 energy balance equations and 6 How continuity

equations with Hows and pressures as unknowns. The equations were solved by iteration.

The roughness coefficient of C=75 is assumed for the pipes. Three cases are considered. The

node elevation varied from case to case.

Figure 6.1b illustrates Case 1. All nodes have the same elevation in this case. Result of

GISALLE analysis showed that all nodes have positive pressures. Results of independent

calculation and GISALLE analysis are show in Table 6.1. An excellent agreement is obtained

between the results of two analyses. The hydraulic head at a node i is given as Ei +Pih,
where Ei is node elevation, Pi is pressure at node i, and 7 is specific weight of water. The
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Table 6.1: Test 1 - Flow and Preusure Distribution

Pipe Length Dia GISALLE Flow Calculated Flow

No. (ft) (in) (gpm) (gpm)

1 14.1 10 2000 2000

2 100 10 653 653

3 100 10 999 1000

4 100 10 -1001 -1000

5 100 10 653 653

6 70.5 10 694 693

7 70.5 10 -346 -347

8 70.5 10 -348 -347

9 5 8 2000 2000

Node Elevation Head Preusure Preusure

No. (ft) (ft) (psi) (psi)

1 1 4.85 1.67 1.65

2 1 3.97 1.29 1.28

3 1 2.04 0.45 0.45

4 1 3.98 1.29 1.28

5

I
1 4.16 1.31 1.36

6 1 5.84 2.10 2.08
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hydraulic head has its largest value at node 6 and gradually decrelUles towards the hydrant

at node 3. The How is from larger to lower head lUI expected.

In ClUle 2 procedure is examined for eliminating nodes with negative pressure. The only

difference from Case 1 is the elevation of node 5 that is 20-ft in this clUle. The analysis

is performed in two steps. First, the distribution of Hows and hydraulic heads is obtained

throughout the system and results are shown in Table 6.11. The How IS distributed as in

ClUle 1. However, the pressure at node 5 became negative and equal to p= -6.86psi because

of the high elevation of this node. The system can not sustain negative pressure because

it is not air tight so that the pressure at this node must be zero. The new hydraulic head

i.e., for which p = 0 at node 5 is 20-ft. This hydraulic head is larger than the heads at all

nodes connected with node 5. Thus, the no How condition is met at node 5 and the node

is eliminated together with all pipes merging to the node. The elimina.ted pipes are shown

with da.shed lines in Figure 6.2a. Second, a new hydra.ulic analysis is performed for the

modified system in Figure 6.2b. The final Hows and pressures are given in Thble 6.III. The

substantial difference in How distribution between Case 1 and 2 is ca.used by the elimination

of the node 5 with negative pressure. The Wood's program provides only the results of the

first step which are significantly different.

Q=2000gpm

1 ft

1 ft

a.

1 ft

J ft

Q=2000gpm

Q= 2000gpm

b.
Q=2000gpm

Figure 6.2: Test Problem 2: Elimination of No-Flow Node

Case 3 is designed to highlight the partial How condition. Node 2 is elevated at 25-ft and

node 5 is elevated at 10.5-ft and all the other nodes are kept at their initial elevation. Results
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Table 6.11: Case 2 - GISALLE Results After Step 1

Pipe Length Dia Flow

No. (ft) (in) (gpm)

1 14.1 10 2000

2 100 10 653

3 100 10 999

4 100 10 -1001

5 100 10 653

6 70.5 10 694

7 70.5 10 -346

8 70.5 10 -348

9 5 8 2000

rh.de Elevation Head Preulure

No. (ft) (ft) (psi)

1 1 4.85 1.67

2 1 3.97 1.29

3 1 2.04 0.45

4 1 3.98 1.29

5 20 4.16 -6.86

6 1 5.84 2.10
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Table 6.111: Case 2 - GISALLE Results After Step 2

Pipe Length Dia Flow

No. (ft) (in) (gpm)

1 14.1 10 2000

2 100 10 1000

3 100 10 1000

4 100 10 -1000

5 100 10 1000

6 eliminated

7 eliminated

8 eliminated

9 5 8 2000

Node Elevation Head Preauure

No. (£t) (ft) (psi)

1 1 5.92 2.13

2 1 3.98 1.29

3 1 2.04 0.45

4 1 3.98 1.29

5 eliminated

6 1 6.90 2.56
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of the first step of analysis, based on the assumption that the system is air tight, are shown

in Table 6.1V. Node 2 has the largest negative pressure of p= -9.l1psi. It is a no-flow node

and is eliminated together with the corresponding pipes, as shown in Figure 6.311.. Results

after the second step of the analysis are shown in Table 6.V. The pressure at node 5 is equal

to p= -O.14psi. This pressure is set to zero. The new head at the node is equal to 1O.5ft

that is smaller than the head at node 1 (11.32-ft.). An open channel flow condition is met

because flow occurs under the atmospheric pressure. Thus, node 5 is the partial flow node.

The active portion of the system is shown in Figure 6.3b. The Wood's program provides the

results shown in Table 6.11 and Table 6.1V. The GISALLE code provides the results shown

in Table 6.111 and Table 6.V. The flows and pressures distribution as well as the flow pattern

are substantially different.

Q=2000gpm
b.

Q=2000gpm

25 ft

Ift

Q=2000gpm
a.

------------:11
",

"",

1 ft

Figure 6.3: Test Problem 3: Elimination of Initialy Prtial Flow Node

These three test cases demonstrate that GISALLE can accurately performs hydraulic analysis

of system of diverse configuration. In contrast, results of hydraulic analysis by current

commercial codes such as the Wood's program, can be unsatisfactory.
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Table 6.IV: Case 3 - GISALLE Results After Step 1

Pipe Length Via Flow

No. (it) (in) (gpm)

1 14.1 10 2000

2 100 10 653

3 100 10 999

4 100 10 -1001

5 100 10 653

6 70.5 10 694

7 70.5 10 -346

8 70.5 10 -348

9 5 8 2000

Node Elevation Head Preassore

No. (ft) (ft) (psi)

1 1 4.85 1.67

2 25 3.97 -9.11

3 1 2.04 0.45

4 1 3.98 1.29

5 10.5 4.16 -2.75

6 1 5.84 2.10
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Table 6.V: Cue 3 - GISALLE Results After Step 2

Pipe Length Dia Flow

No. (ft) (in) (gpm)

1 14.1 10 2000

2 eliminated

3 eliminated

4 100 10 -2000

5 100 10 1092

6 70.5 10 907

7 eliminated

8 70.5 10 -907

9 5 8 2000

Node Elevation Bead Preasaure

No. (ft) (ft) (psi)

1 1 11.32 4.47

2 eliminated

3 1 2.04 0.45

4 1 9.04 3.48

5 10.5 10.18 -0.14

6 1 12.31 4.90
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6.2.2 Effect of Partial Flow Analysis on AWSS

As explained in Section 5 an approximate partial How analysis is performed in the GISALLE

code. The effect of this analysis was examined. Table 6. VI presents the results of three sets

of analysis corresponding to seismic events with mean pipe break rates ~ == 0.02, 0.04, and

0.06 respectively. Damage states were generated and analyses were performed for the each

pipe break rate as folows: (1) the approximate partial flow analyses were ignored, (2) the

approximate partial flow analyses were performed and all nodes with negative p~essure were

eliminated after each iteration, and (3) the approximate partial analyses were performed

but only the nodes with the highest negative pressure were eliminated after each iteration.

Water loss from the system and JST WllJl monitored at locations shown in Figure 6.4.

The results indicate that for the low seismic intensity, e.g., A = 0.02 approximate partial

flow analyses and the prcedure for elimination of nodes with negative pressure may not have

a signi6cant effect on the results. However, the approximate partial :flow analyses may effect

results significantely for higher earthquake intensities, e.g., ~ = 0.06 especialy on the local

basis. The table shows e.g., that outflow from the broken pipe No.5 is drasticaly efFected.

The table also shows that sequence of for elimination of nodes with negative pressure may

not alter the results signi6cantely, however, the correct result is not known.

6.3 Modeling of Pump Stations

6.3.1 Pump Characteristic Curves

Pump characteristic curves describe the operating condition of a pump. Typical pump

characteristic curves are shown in the Figure. 6.5a. The total pump head flow (TPHF)

curve shows the relation between head and flow provided by a pump. This relation is

nonlinear due to frictional and leakagf' loses in the pump. The break horsepower (BHP)

curve provides the pump horsepower required to satisfy the pump flow or head demand.

The required pump horsepower can be accomplished by changeing the operating speed of

the pump. The efficiency (E) curve shows the ratio between the p01IPer required to operate

the pump and the power delivered by the pump. The power delivered by the pump is given

in a form of a system energy increase at the pump connection. A normal operating range of

a well designed pump usually coincide with the region of the highest efficiency of the pump.

The net positive suction head (NPSH) curve shows the preslure at the inlet of the pump
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Table 6 VI' Effect of Implementation of Partial Flow and Interactive Analysis

LOCATIONS OF PARTIAL FLOW ELIMINATION OF INTERACTIVE

WATERFLOW IGNORED ALL NODES ELIMINATION

(1) (2)/(1) (3)/(2)

(pipe No.) (gpm)

.\ = 0.02

Jones St. Tank 5984 1 1

1 5984 1 1

.\ = 0.04

Jones St. Tank 16432 0.964 1.002

1 1041 0.840 1.339

2 5759 0.878 1.004

3 4583 1.047 0.942

4 5093 1.004 0.999

" = 0.06

Jones St. Tank 23866 0.533 0.985

1 272 0.886 0.888

2 2970 0.992 1.015

3 2374 0.849 0.799

4 0 0 0

5 11635 0.246 0.991

6 6606 0.777 1.042
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o Broken Pipe

Figure 6.4: Location. of Brolen Pipett
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which need to be maintained for normal pump operation.

A total system head flow (TSHF) curve describes a system requirements. The curve combines

existing static head, design working head and friction head curves as shown in Figure 6.5b.

The static head curve gives the difference in elevation between pump location and the point

of discharge. The design working head curve shows a required head that must be main

tained throughout the system. The AWSS design working head is 20psi, as required by

San Francisco Fire Department (SFFD) for proper operation of the fire fighting equipment.

The friction head curve shows the nonlinear relation between head and flow in a system.

The nonlinearity results from frictional losses in the pipes, valves, fittings and mechanical

equipment.

A water supply specified by TPHF curve needs to overcome demand given by the TSHF

curve for successful performance of the system. The supply can vary in the AWSS because

two pumps can operate with different number of engines. As a result, the TPHF curve can

approach upper bound curve which includes points B and D or the lower bound curve which

includes points A and C as shown in Figure 6.5c. The system demand can also vary. For

example, the higher earthquake intensity can result in the higher fire demand accommodated

with the TSHF curve including points C and D. Fire demand at no earthquake situation can

be accommodated with the curve including points A md B as shown on the same figure.

Thus, the system head curve also can have a band. Any pump operation out of the region

bounded with this four points may result in poor system performance because the system

demand could be higher than available pump supply or the available head could exceed

demand. The GISALLE code provides a tool to predict such situations and to enable taking

appropriate measures ahead of the time.

6.3.2 Modeling of the Pump Characteristic Curves

Results from pump performance test were used to model TPHF characteristir: curve for

AWSS pumps. Tests on the pumps were performed by SFFD. A typical result for a pump

with a single engine running are shown in Figure 6.6. Eight points (Q.,H.),1I = 1,,,.,8

obtained from experimental data describe head-flow relation in a normal operating range of

the pump. The normal operating range of the pump in thill test covered the flow interval from

1350gpm to 40l8gpm. The GISALLE code provides three models for the pump characteristic

curve: a regression and two other lIimplified models.

The regression model of TPHF curve is based on points (Q., H.), 11 = 1, ... , 8. For example,
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Total Pump Head Flow

Efficiency
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Net Positive Suction Head

Flow'
a. Pump Performance Curve
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Minimum Available Pump Head

Maximum Available Pump Head

Flow
c. Interpretation of Flow Head Curves

Figure 6.5: Pump Characteristic Curve
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a second degree polynomial regression is

Hp = -1.25 * 10-5 *Qp2 - 5.78 *10-2 *Qp +955 (6.1)

where Hp is pump aead and Qp is pump flow. This curve is a good approximation of the

pump characterist:.c curve in the normal operating range of the pump which is also the most

likely operating range ofthe AWSS pumps.

Simpler models can be useful when available test data is limited. The first of these models

is based on three points as shown in Figure 6.7: (1) the cutoff head He conesponding to

a zero Howj (2) the maximum How Qr in the normal operating range of the pump with

the corresponding head Hr ; and (3) a flow with conesponding head (Q",Hp ) in the normal

operating range of the pump.

1000

Hp=•O.OOOO125*Qp2 - O.057St Q,'" 955

normal operating range

o'------------.......------~--- .....o 1000 2llOO 3000

800

200

100

Flow Qp(gpm)

Figure 6.6: Regression Curve

The tree point GISALLE pump model is

(6.2)

where Gp and Ap are given by:
I ~lip _ og 1lFJlB

- log §;;
A _ He - H",

II - Q","

(6.3)

(6.4)
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Figure 6.7: Three Point Characteriltic Curve

and (Qm, Hm ), m = 2, ... ,7 are points within the normal operating range. The curve in

Eq. (6.2) can be extended to flows larger than Q,. by line tangent to this curve at Q, = Qr

and shown with doted line in Figure 6.7. The line is

Hp =B"+C,,*Q,, (6.5)

where

G" = -Gp *A" *Qr-.-1 (6.6)

Bp = Hr - Cp • Qr (6.7)

The value of the cutoff head can be obtained from the regression as He = g(O) = 955 - ft.

The minimum available flow is assumed to be Q, = 1000gpm. The pump does not give any

flow smaller than this flow. The experimental value of the largest flow is Qr = 4018gpm at

head Hr = 509 - ft.

Results in Table 6.VII luggest that the prediction of the pump outflow is not aensitive to

the selection of the point (Q"" Hm ), m = 2, ... , 7. These results correspond to an arbitrary

supply-demand scenario for AWSS. The supply was provided by two pumps while the fire

hydrants were opened at Marina and Folsom locations. Point (Qm, Hm), m=2,...,7 wu

chORD as indicated in Figure 6.7.
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Table 6.VII: Sensitivity Study for the Selection of a Middle Point

~ POINT 1 ~ Qe = 0.0, He = 955ft ~

POINT 2 (Qz, Hz) (Qs,Hs) (Q4,H.) (Qs,Hs) (Qe, He) (QT, HT)

Q,,(gpm) 3405 2988 2720 2375 2030 1670

H,,(ft) 635 676 696 742 779 820

(gpm)

from PUMP 1 4150 4186 4223 4196 4199 4167

from PUMP 2 2885 2816 2778 2798 2808 2852

at MARINA -1342 -1330 -1324 -1327 -1329 -1336

at FOLSOM -5693 -5672 -5662 -5668 -5670 -5682

POINT 3 ~ Qr = 4018gpm, Hr = 509ft

The simplest GISALLE pump model is based on one point description of the pump. This

model can be used for preliminary analysis when experimental data are not available or

for pump design. The characteristic curve can be obtained from & parametric relationship

between head and flow

(6.8)

in which UP is the horsepower of the pump and 1 is the specific weight of water. By selecting

a value for HP one can obtain an approximate pump characteristic curve. For example, the

horsepower for the AWSS system conesponding to a flow of Q = 2500gpm and head of

H = 315".i is

H P = H,Qp1 =438h
550 '

10 that the pump characteristic curve has the form

H.
_ 1.729. 10'

P- Qp
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The curves for a variable UP are shown in Figure 6.8.

900

800

- 700=""&.600
% 500

"I :
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o

Flow Qp(gpm)

Figure 6.8: One Point Pump Characterization

6.3.3 Effect of Pump Characterization on the AWSS

Several analyBetl were conducted with the regression, the three point, and the one point

description pump models for Loma Prieta earthquake. The results, shown in Table 6.VIII,

indicate that one point and the three point curves give conservative results in the regions

where they are below the regression curve and unconservative for the rest of the regions. This

difference can be substantial e.g., the ratio of the flow losl from the JST for the regression

and the one point pump models is 0.564 as shown in the table. The three point model gives

fairly accurate results because the curve nearly coincides with the regression model in the

normal operating range of the A'NSS pumps.

6.4 Demand Simulation

Water demand for fire fighting can be provided only at nodes of the AWSS via open hydrants.

Demand can be modeled by specifying flow or preslure at the hydrants. A flow demand is
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Table 6.VIII: Sensitivity Study of Pump Curve Characterization

Pump Curve Actual 3 Point 1 Point

(1) (1)/(2) (1)/(3)

Flow at JST (gpm) 2110 0.944 0.564

Flow at Pump 1 (gpm) 4 x 4528 1.003 1.084

Head at Pump 1 (psi) 433 1.002 1.051

Flow at Pump 2 (gpm) 4 x 2897 1.011 1.072

Head at Pump 2 (psi) 682 1.010 1.066

Flow at Marina (gpm) -5120 -1.003 -1.019

Flow at H-Break 1 (gpm) -5981 -1.001 -1.012

Flow at H-Break 2 (gpm) -5189 -1.001 -1.025

Flow at H-Break 3 (gpm) -1826 -1.001 -1.012

Flow at H-Break 4 (gpm) -4762 -1.001 -1.020

Flow at P-Break (gpm) -8916 -1.001 -1.014

TOTAL-INFLOW (gpm) 31813 1.002 1.018

TOTAL-OUTFLOW (gpm) -31794 -1.001 -1.017

described by constant flow at the hydrant, however, the ftow may vary from hydrant to

hydrant. A pressure demand can be modeled by an open hydrant at a specified pressure, for

example a 20-psi pressure is required by the fire department.

Location of the nodes in the computer representation of the AWSS not necessarily correspond

to site location of hydrants. It is common that more than one hydrant is open at a fire site,

however, all those hydrants are very close to each other. This section verifies procedure for

modeling fire demand with one or more open hydrants.

Two different fire hydrants were analyzed by GISALLE: a fire at the Marina and fire at

the Folsom St. On both locations water demand was modeled with one or up to four open

hydrants at 20pai pressure. The location of the hydrant. i. shown in Figure 6.9. It is assumed

that the AWSS is under conditions occurred during Loma Prieta Earthquake. This condition

are explained in Section 7.
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Figure 6.9: Locations of Fire Hydrants
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Figures 6.10 and 6.11 show the available flows at the Marina and Folsom fires, respectively,

when one, two, three, and four hydrants are open. A control flow is obtained with hydrants

open to atmospheric pressure. The control flow provides an upper bound on the available

flow at particular site.

Results show that the system serviceability can be increased by as much as 50% when the

number of open hydrants is increased from one to four. This is true for the Folsom fire when

available hydrants are not on the same flow path. For fires likely to occur in infirm area e.g.,

the Marina fire, where the hydrants are on the same flow path, it is sufficient to model fire

demand with one open hydrant. The GISALLE code enables the user to detect the existence

of alternate flow paths toward a fire location and indicates that the available flow can be

increased.

6.5 Flow 'l"ests

The San Francisco Fire Department performed several tests on the AWSS, some of which

were suggested by the Cornell researchers. The tests include: three tests in the Lower Zone,

five tests in the TJpper Zone, and one test covering both zones. The water tanks were the only

source of water in all tests. Figure 6.12 shows the location of the hydrants where pressure

was monitored during the tests. Experimental measurem~ntswere compared with analytical

results from GISALLE to calibrate the relationship between values of roughness coefficient

and pipe diameter, and to evaluate the accuracy of the computer model.

6.5.1 Determination of Roughness Coefficients

The head loss ti.H can be calculated from Hazen-Williams equation, that in English units

has the form:

4.73LQ1.I52
ti.H = 01.152DU7 (6.1)

in which Q = flow in (cf&), L =pipe length in (It), D = pipe diameter in (It), and 0 =
roughncss coefficient. It is common to assume that C has the same value for all the pipcs

of a system. An alternative estimate of the head loas can be based on the Darcy-Wiesbach

6-21



2SOOO ,....-----------......-----~----____,

22S00-E
Q,
CD

...... 20000

~
ii:

o - Control
o NoDamage
6. - - Damage

.-Q []
.......0··········.. ···· .. ······

17SOO

lSOOO L..- ~ __'_ __J

o 2 3

Number of Open Hydrants

Figure 6.10: Available Flows for Altemate Water Paths

,-------...........-----.....-----~------oorסס1

8000-E
Q, 6000

g

~4OOJ
ii:

2000

~ l,.J.• :::.:::.::.::.: .::.:..••.••u- :~ ~

~------~' .~.

o - Controlo NoDamage
6. -- Damage

..32

o L...- ~ ----'

o

Number of Open Hydrants

Figure 6.11: Available Flow. for a SiDsle Water Path

6-22



Figure 6.12: Monitored Locations for 9 Field Tests
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(6.4)

equation
Ly2

H = f 2gD (6.2)

1= 0.25 ( )
109(f/3.7D+5.74/ReG.l)2 6.3

where Y = average flow velocity in (ft/lJec), 9 = gravity acceleration in (ft/lJec2), and 1=
dimensionless friction factor. The friction factor f depends on the relative roughness of the

surface f/D, where f is absolute roughness in (ft), and the Reynolds number Re = pYD/1J,

where p is the density in (lb/lt 3 ), and v is dynamic viscosity in (lblltlJf:c). The relationship

between C and f is

1.115 4.13LQ1.I522g
C = IDu7y2

and can be used to calculate C from I, using results of field tests. It has been shown [44,

45,47] that C and f depend on the age of the pipe. Experimental studies indicate that the

roughness coefficient of old pipes can be obtained from the roughness coefficient of new pipes

times an age factor varying from'4 to 10 depending on the pipe diameter [47]. These result.s

were used to estimate values of I for AWSS based on field tests. The corresponding values

of C w~re determined from Eq. (6.4).

Numerical results show that the predictions of the GISALLE code are in good agreement

with field measurements when the roughness coefficient C varies with pipe diameter. Optimal

values of C for the Upper and Lower Zones have been obtained by minimizing the objective

function

"I ,.

C2 =E(E IPt,i - ';,i I)
t=1 i=1

(6.5)

where 'n/ = the number of field tests, r = the number of monitored locations in each field

test, Pt,i = the calculated pressure at monitored location i in test t, and ,;'i = the measured

J,ressure at monitored location i in test t for the upper and lower zones of the AWSS. The

optimization was performed for several pipeline diameters. Figure 6.13 shows the results

of the optimization algorithm. A similar dependence of the roughness coefficient with pipe

diameter is reported elsewhere [7,23,31,45,48]. A difference between values of C in the Upper

and Lower Zones of AWSS may be caused by the age difference between these parts of the

network. Moreover, the temporary presence of salt water in the Lower Zone may also have

contributed to dift'erences in the roughness characteristics of the pipes in these zones.
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Figure 6.13: Variation of Roughness Coefficient C with Pipe Diameter

6.5.2 Computer Modeling

Table 6.IX gives results of analysis based on the GISALLE code using values of C in Fig

ure 6.13. In Tests 1 and 2, pressures were monitored at two locationsu shown in Figure 6.12.

There is a very good agreement between the measured and calculated pressures for the tests

in which the Upper and Lower Zones are not connected. However,lOme discrepancies occur

when the two zones are connected. These discrepancies can be caused by differences between

the values of C in the Upper and Lower Zones. Moreover, the test covering both zones wu

performed 20 year. later than the other eight tests.

6.6 Summary

In this aection the GISALLE code wu validated on dift'erent way•. Test problems were design

to check hydraulic analysis and procedure for elimination nodes with negative preuures u

well u procedure for approximate pariia11low analysis. Pump model available in the code

was tested for the compliance with actual AWSS pump characteristic.. Models of fire demand

were examined. A single hydrant can be sufficient to provide water for a fire if there is only
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Table 6.IX: Results of Field Tests and Computer Analyses

Location Test Field Computer

No. (psi) (psi)

Both Zones P 43 23.5

7 9.6

Lower Zone 2· 45 45

75 75

3 13 14

4 134 135

Upper Zone 5 78 77

6 50 49

7 33 26

8 80 90

9 43 44

pressures monitored at two locations

one water path to the fire. The code was calibrated with available field test results obtained

for the AWSS. The validation of the code showed that GISALLE is capable of reproducing

the actual flow and pressure distributions in AWSS.
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SECTION 7

LOMA PRIETA EARTHQUAKE SCENARIO

7.1 Introduction

One main and four hydrants of AWSS broke dur; -0 the the 1989 Loma Prieta earthquake.

These failures were concentrated South of the Market area, a zone where hydraulic fills are

underlined with a substantial depth of Holocene bay mud. Fires erupted at several locations.

Jones St. Tank (JST) was the only source of water supply and remained without water in

approximately 35-40 minutes. Thf" damage and fire scenario observed during the Loma

Prieta earthquake was modeled with the GISALLE code. Flows, pressures and water losses

were calculated and the time required to empty the JST was determined. The GISALLE

predictions were compared with the actual field observations during the earthquake. Results

show that GISALLE can reproduce the field conditions adequately.

7.2 1989 Loma Prieta Earthquake

After the Loma Prieta earthquake a major fire erupted in the Marina district of San Fran

cisco. As discussed in Section 4, the Marina was conltructed from 1853 to 1912 by reclaimiug

land from the San Francisco Bay. Two types of fill were uled in the reclamation process:

loose sands from sand dunes and beach deposits, and hydraulic fill dredged and pumped

from sand bars. The loose fills in combination with a thick underlying deposit of 10ft Re
cent Bay Mud contributed to liquefaction and amplification of ground waves. The strong

ground shaking from locally amplified seismic waves was the main cause of damage to the

timber frame structures at this location. Particularly vulnerable were timber frame apart

ment buildings with garages at the first floor. Strong racking caused by seismic shaking

occasionally resulted in failure. The wont damage was observed in the four Itory apartment

building where failure was followed by fire initiation.

A description of the initiation of the Marina fire can be found in [51]:

nThe fire began in the four Itory wood framed building at 3701 Diviladero Street, at the

northwest comer of Beach Street. The building is a typical corner building in the Marina
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district. It was built in the 1902'5 and contained 21 apartments, with the ground floor

primarily a parking garage. The building's lower two floors had collapsed in the earthquake,

and the third and fourth floors were leaning southward several feet. The fire was in the

rear of the building and was initially small which, combined with confusion following the

earthquake, resulted in a delayed report such that the first SFFD unit did not arrive until

approximately 5:45 PM (all times estimated). Source of ignition has not been definitely

determined at this time. Wind speed was virtually zero. Arrival of SFFD Trucks 10 and 16

was closely followed by engine 41. Based on appearance of black smoke, the fire appeared

to the officer in charge of E41(Lt.P.Comy) to be a wood structure fueled fire. At this time,

E41 connected to the AWSS directly in front of 3701 Divisadero (the building was actually

leaning over the hydrant), charged the pump but found no water pressure. Due to radiant

heat E41 then withdrew a.cross the street. At about 6:25 PM the building at the northeast

corner (2080 Beach) ignited."

Figure 7.1 shows the damage sustained by the AWSS during the Loma Prieta earthquake.

All breaks were concentrated in 'infirm areas'. Under normal circumstances these areas can

be isolated by closing only one gate valve located on the pipe feeding water in these zones.

The valve is controlled by an electric motor and can be operated by remote control. Because

of the earthquake, the City had no electric power so that the valves could not be operated

remotely and remained open. Hydrants were the most vulnerable components of the system

with damage being concentrated at elbows that fractured at 45°. Three hydrant breaks were

reported South of the Market area while one was observed at the Foot of the Market area.

The most serious dama.ge was the break at a 300-mm-diameter cast iron main on the 7tA St.

between the Mission and Howard Sts. In addition, two leaks were reported in the Marina

district and Folsom St., as shown in the figure. Water flow through the break and leaks

supplemented by losses at broken hydrants, emptied the Jones St. Tank. Its entire storage

of 720,000 gallons was lost in approximately 35-40min. Loss of the reservoir led to the loss

of water pressure throughout the lower zone of the AWSS where damage in the MWSS had

cut off alternative source of water supply for fire fighting [40].

7.3 Computer Analysis of Loma Prieta Event

The GISALLE code, was used to predict the AWSS performance during the Loma Prieta

earthquake. The damage that AWSS sustained during the earthquake is shown in Figure 7.1

and consist of one pipe break, two pipe leaks, and four hydrant breaks occurring in the lower
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• Hydrant Breaks

+ Pipe Breaks

Figure 7.1: Breaks and Leaks in AWSS Caused by Loma Prieta Earthquake
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zone of the system. The division gate valves between the Upper and the Lower Zones of

the system were closed in the night of the earthquake. As a result, there was no interaction

between the Upper and Lower Zones. Therefore, only performance of the Lower Zone was

evaluated.

Two limit cases are considered. In the first case, only the breaks are modeled. In the second

case, the breaks and the leaks are considered. The leaks are modeled conservatively as open

hydrants with a specified pressure of 20psi. Table 7.1 gives information on the outflow at

all breaks and leaks. The total water loss equals the outflow from the JST because the tank

represents the only source of water. The major contribution to water loss comes from the

hydrants. For example, the hydrants loss is l1,692gpm when only breaks are considered and

constitutes 67% of the total water loss.

Results in Table 7.1 can be used to estimate the time to a complete loss of water supply from

the system. This time can be obtained by dividing the capacity of the JST to the outflow

rate from the system. It is 720,000/17,566= 41min or 720,000/20009= 36min for the case in

which only breaks or breaks and leaks are considered, respectively.

Table 7.1: Results of the Earthqake Simulation

LOCATIONS OF Only Breaks Breaks + Leaks

WATER LOSS (gpm) (gpm)

Hydrant 1 4254 3766

Hydrant 2 3087 2666

Hydrant 3 1299 1150

Hydrant 4 3052 2635

Marina Leak 0 2812

Folsom Leak 0 2009

Broken 12-in. Main 5874 4970

~ Jones St. Tank ~ 17566
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7.4 Sumolary

The GISALLE code was used to reproduce the sequence of events occurred during the 1989

Loma Prieta earthquake. It has been shown that code is capable of reproducing the actual

field conditions.
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SECTION 8

SENSITIVITY STUDIES

8.1 Introduction

The seismic serviceability evaluation of the Auxiliary Water Supply System (AWSS) in San

Francisco is complex because of the nonlinear nature of the hydraulic analysis and because of

the enormous number of supply-demand combinations that can occur after an earthquake.

The GISALLE code is applied in this section to estimate the serviceability of the AWSS

following seismic events. The serviceability of the system is evaluated for numerous supply

demand scenarios and damage distribution likely to occur in San Francisco. Deterministic

and stochastic studies are performed. In the deterministic studies the supply, the fire and

the damage scenarios are specified. In the stoch&8tic studies the fire scenarios and the

damage states are generated by Monte-Carlo simulation consistent with a selected earthquake

intensity. Pressure and Sow distribution were obtained for the system. Results provide

information on the potentially critical components of the system for the chosen scenarios

and can be used for planing and managing of post-earthquake restoration measures.

8.2 Parameters Selection

The Lower Zone of the AWSS is more vulnerable to earthquakes induced damage than the

Upper Zone because of geotechnical characteristics, &8 explained in Section 4. Therefore, the

division gate valves between the two zones were closed and sensitivity studies were performed

on the Lower Zone only for supply, fire, and damage scenarios. These scenarios are uncertain

events described by deterministic and probabilistic models.

8.2.1 Supply Scenarios

The AWSS can receive water from tanks, pump stations and fire boats as shown in Figure 8.1

The city has only one fire boat, 'Phoenix' described in Section 4. The sensitivity studies

include supplies from tanks and pumps only.
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• Lorna Prieta Damage State

+ Filbert St. Damage State

Figure 8.1: Locations of Damage States, Fires and Water supplies
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The Jones St. Tank (JST) is the only tank supplying the Lower Zone when the division

gate valves between the Lower and Upper Zones are closed. The tank, with capacity of

750,000 of gallons, was connected throughout most analyses. A total water loss from JST

may drastically change available water supply. Therfore, the supply scenario with only

two pump stations is analyzed. The stations have four engines, each providing a flow of

2,500gpm at 300psi. It has been shown in Section 6 that the pump performance can be

successfully described by a curve inferred from three experimental data of the pump. This

characterization was used in the sensitivity studies. A three water supply scenarios are

considered:

1. Jones St. Tank only (JST)

2. Jones St. Tank and Pump station No.1 with four engines (JST+P4)

3. Jones St. Tank and Pump stations No.1 and No.2 with four engines each (JST+P44)

These scenariofl were chosen to cover a range from low to high water supply conditions in

the deterministic and stochastic analyses.

8.2.2 Fire Scenarios

Evidence from the past shows that some locations in the San Francisco are particularly

vulnerable to fire eruptions following earthquakes [50]. In determiniltic analyses i;hree fires

are considered. They are located at (1) the Marina fire at the comer of Beach St. and

Scott St., (2) the Folsom at the comer of Folsom St. and 3"" St., and (3) the Alabama at

the corner of Alabama St. and 18.1 St., as shown in Figure 8.1 Fires at the Marina and

the Folsom occurred during the Loma Prieta earthquake. A potential fire at Alabama St.

could spread rapidly because only one low preslure hydrant is available at this location. It
is assumed that the fire occurrence follow the sequence:

a. the Marina fire (M)

b. the Marina + the Folsom fires (M+F)

c. the Marina + the Folsom + the Alabama fires (M+F+A)

As discussed in Section 6, one or more hydrants can be used in the GISALLE code to supply

water to a particular fire location. One hydrant was opened for the Marina fire since only
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one flow path provide water to that location. One open hydrant was also conservatively used

for the demand at the Folsom fire althgou some alternative water paths can be available.

The demand for the Alabama fire can be met by opening two hydrants: a hydrant on the

main water path and a hydrant on an alternative water path from infirm area No.6.

Demand for fire fighting of 5000 gallons/min at IOpsi is specified at each fire location. This

is a situation which assumes that fire fighters will open all hydrants in the vicinity of fire

even if the available pressures are less than the required 20psi.

In stochastic analyses the same three fire locations were analysed. Each location is defined

with five potential fires.

8.2.3 Damage Scenarios

Damage state of the AWSS following an earthquake can not be predicted. However I it is

known that damage is most likely to occur in the infirm areas. Only one pipe break was

recorded located outside of these areas in the past. Two approaches are considered for

specifying the damage state: deterministic and stochastic.

Deterministic Approach

In this approa.ch damage state is specified. Three potential damage states are considered.

a.. the Loma Prieta earthquake damage

b. the Infirm areas damage

c. the Filbert St. damage

The damage locations are shown in Figure 8.1. The damage of the AWSS caused by the

Loma Prieta earthquake damage is described in Section 7. The damage of an infirm area

is modeled as a break of the main pipe supplying that particular infirm area. The scenario

provides an upper bound on the water loss in the infirm area regardless of the number of

component breaks in this area. The damage at the Filbert St. consist of I8-in diameter

main break.
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Stochastic Approach

The statistical module of GISALLE, explained in Section 5, was used in this approach. Dam

age states of the AWSS were generated randomly by the Monte-Carlo simulation method.

Two serviceability indices were determined for a specified range of earthquake intensities.

A regression line was fitted to these indices to obtain fragility curves describing the overall

seismic performance o( the AWSS. These curves can be developed for various fire, water

supply, and damage scenarios.

8.3 Results of Deterministic Analyses

Three damage states were considered in the deterministic analysis and described in this

section.

8.3.1 Lorna Prieta and Filbert St. Damage

Performance of AWSS during the Loma Prieta earthquake is described in Section 7. This

section examines the serviceability of the AWSS under combined the Loma Prieta and Filbert

St. damage and fire scenarios described in Section 8.2.2

An analysis is performed on the AWSS with water supplies from (i) JST, (il) JST+P4, and

(iii) JST+P44 as described in Section 8.2.1. Applied damaged states are (j) No damage, (ij)
Loma Prieta Damage, and (jjj) Loma Prieta and Filbert St. damage. Available supplies at

the Marina, the Folsom, and the Alabama fires are shown in Figure 8.2. The solid, shaded,

and dashed bars in the figure show the available flows at these three 10catioDs (or various

damage states and supply scenarios. The solid bars in Figure 8.2 show the available flow

at the fire locations when there is the Marina fire only. The shaded bars in the figure show

the available flow at the fire locations when there are the Marina and the Folsom fires. The

dashed bars in the figure show the available flow at the fire 10catioDs when there are the

Marina, the Folsom and the Alabama fires.

Results for no damage state show that minimum 80w of 5000gpm required by the fire de

partment is not met at the Muina and the Alabama in many scenanoul. On the other hand,

a sufficient flow i. anilable at the Folsom. The figure shows that operation of the pump

stations can significantly improve the serviceability of the AWSS.
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Results for the Lama Prieta earthquake damage show that the available flow is less sensitive

to the fire scenario then in the previous case. The contribution of the both pumps for the

Marina and the Alabama fires can not provide the minimum flow of 5000gpm. Moreover, the

available flow for fire fighting relative to no-damage state decrease from 12% for the Marina

location to 328% for the Alabama location. Operation of pump stations can be crucial for

the Alabama fire.

Results for the Lama Prieta earthquake combined with Filbert St. damage are similar. The

contribution of pump No.1 has a negligible affect on the available flow at the Marina but

significant affect on the available flow at the Alabama. Available flows are slightly lower

than in the previous case.

8.3.2 Infirm Area Damage States

Damage of the AWSS during an earthquake is expected to be concentrated in the infirm

areas, as demonstrated by Lama Prieta and other earthquakes. The sensitivity of the seismic

serviceability of the AWSS to damage location is examined in this section.

The water supply consisted of the JST only or the JST and both pumps. Figures 8.3-8.12

are obtained by the GISALE results module. They show flow paths for all damage states

and water supply scenarios representing the results of twenty hydraulic analysis. The size of

flow is proportional to the thickness of the line. The figures also show nodes with pressures

in the range (IO.20psi) marked with small stars and in the range (O-IOpsi) marked with large

stars. These figures can be used to identify critical pipes of the AWSS. The critical pipes

are pipes that in most of the scenarios have the largest flow. Breaks in these pipes would

significantly effect serviceability of the system.

For example, Figure 8.3a indicate that the breaks in infirm area I can cutoff' the main supply

line to the Marina district if JST is the only source of water supply. Figure 8.5a shows that

the breaks in infirm area 3 can result in a large region of low pressure if the JST is the only

source of water supply. Figure8.IOa shows that breaks in infirm area 8 can cutoff a large

portion of the South-West part of the Lower Zone.

Figure 8.13 shows the rate of water loss for all ten damage states defined in Figures 8.3-8.12

for two cases of water supply: the JST only, and the JST and both pump stations. The

bar diagrams show that the failure of the main line connecting to infirm area No.1 can be

critical. The least critical failure is the break of the main line connecting to infirm area
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a) JST

a) JST

b) JST+P44

Figure 8.3: FloW' Path with Damaged In!rm Area 1

b) JST+P44

Figure 8.4: FloW' Path with Damaged Infirm Area 2
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a) JST

a) JST

b) JST+P44

Figure 8.5: Flow Path with Damaged Infirm Area 3

b) JST+P«

Figure 8.6: Flow Path with Damaged Infirm Area. 4
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b) JST+P44

a) JST

a) JST

b) JST+P44

Figure 8.7:. Flow Path with Damaged Infirm Area 5

Figure 8.8: Flow Path with Damaged Infirm Area 6
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a) JST

a) JST

Figure 8.9: Flow Path with Damaged Infirm Area 7

b) JST+P44

Figure 8.10: Flow Path with Damaged Infirm Area. 8
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a) JST

a) JST

b) JST+P«

Figure 8.11: Flow Path with Damaged Infum Area 9

b) JST+P44

Figure 8.12: Flow Path with Damaged 1D1irm Area 10

8-12



No.7. Moreover, presence of both pumps running with all four engines can stop any water

loss from JST providing the breaks occure in the infirm areas No. 4-10.

- o JST Supply Only
o JST+P44 Supply

-
""'"",...

""'""

I:
/
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r - -
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-E ooסס2
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~
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Damaged Infirm Area

Figure 8.13: JST Water Loss VS. Break Location

Figure 8.14 shows damage index Stl and serviceability index S. for various damage states

and fire scenarios that are explained previously. The figure shows the AWSS is significantly

damaged in the case of JST supply only. Operation of the pump No.1 can reduce damage

potentials for the Folsom and the Alabama fire sites and operation of pump No.2 can reduce

damage potentials for the Marina fire site. The serviceability index declines when damage

increases. At the Marina fire site, the required serviceability is not attained in most of the

scenanos.

8.4 Results of Stochastic Analyses

The stochastic model described in Section 3 and 5 is used to analyze performance of the

AWSS under conditions similar to one described in deterministic approach. Sensitivity stud

ies were performed assuming randomness in water supply condition, demand scenario and

damage state.

The water supply conditions include the operation of JST and both pumps running with
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four engines each. Probability of failure of the tank and the pumps is controlled by the

reliability of the pipes connecting those components to the rest of the system. For example,

the failure probability of 10-£t long connection of the JST to the system is Pp = 0.05 for a

mean break rate ~ = O.Olbrealellem. This probability can be obtained by changing a seismic

amplification factor to vp = 1682 for the conection pipe. Stochastic analyses were performed

for the ~ in the range (0.01, 0.09). The range corresponds to earthquake Modified Mercalli

Intensities of 6-7.

The demand sc:enario consists of the Marina, the Folsom, and the Alabama fires. One to

four hydrants were opened for each fire to satisfy the water demand. The hydrants at each
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fire site are open with a specified probability, called probability of fire ignition, because the

precise location of the fire at site is uncertain. A lognormal distribution with mean 5000

gal/min and standard deviation 2500 gal/min is used to describe the water demand at each

open hydrant. In the sensitivity study, the probability of a fire ignition is varied from 0.1 to

0.9.

The damage state of the AW55 includes the breaks observed during the Loma Prieta earth

quake, the breaks of the 10 pipes connecting the infirm areas to the rest of the system, and

the break at Filbert St. as shown in Figure 8.1. These breaks occur with specified proba

bilities chosen in the range (0.1, 0.9). The study is expected to provide information on the

sensitivity of the system serviceability to the breaks that are likely to occur or can lead to

no supply in the infirm areas. The Lama Prieta damage and damage at Filbert 5t have been

observed in the field.

Monte-Carlo simulation method explained in Section 5 was used to determine the service

ability of the AWSS. The earthquake intensity range was discretized with eight intervals.

For each interval five analyses were performed corresponding to randomly generated damage

states, fire scenarios, and supply scenarios. As a result, the damage and serviceability indices

are obtained. Fragility curves are developed based on statistics of these indices.

Figures 8.15 and 8.16 show the fragility curves for damage index Stl and the serviceability

index S. respectively. The curves are obtained as third degree polynomial fitted to the

available 45 points. The figures also show the 95% confidence interval. Deviation from

the mean value is larger for the fragility curve based on serviceability index S,. In this

case, the confidence interval is smaller and the corresponding coefficient of determination is

R2 = 15.67%. This is the result of the additional uncertainty in the required water demand

on which the serviceability index is developed.

The analysis can also be used to identify critical components ofthe AWS5. For example, the

damage state corresponding to the low serviceability indices in Figure 8.15 include consis

tently breaks at Filbert St., break of the pipe supplying infirm area No.1 and Loma Prieta

damage state. This damage state can result in significant water shortage in the Lower Zone

of the AWSS. Figure 8.17 shows the only pipes left full of water in the case of such a scenario.

There was no available water supply to fight the Folsom and the Alabama fires.

The stochastic analyses captured the critical components of the AW55 for assumed scenariOl

which were only indicated by deterministic analysis.
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8.5 Summary

Sensitivity studies were designed to evaluate the performance of the AWSS for potential sup

ply, fire and damage scenarios. Both deterministic and stochastic analyses were performed.

The results indicate existence of critical components in the AWSS which protection is crucial

for the su~cessful performance of the system under assumed scenarios. For explored scenar

ios the criti"al components are pump No.1 and damage in infirm area No.1. The analyses

also showed how deterministic analysis can be cumbersome in evaluating performance of

a system. Because of enormous number of combination the stochastic analysis is the only

rational wa.y to analyze the performance of a water supply system.
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SECTION 9

SUMMARY AND RECOMMENDATIONS

This report presents a new method developed to evaluate the seismic serviceability of water

delivery systems. The method is general and can estimate the seismic serviceability of any

water supply system regardless of its damage condition and water supply-demand scenario.

Based on this new method a computer code GISALLE is developed. The code has six major

modules that allow the user to (1) define and modify the system, (2) generate fire scenar

ios and damage states consistent with the site seismicity, (3) perform hydraulic analyses,

analyze results, and calculate serviceability measures, (4) develop fragility curves and other

indicators of seismic performance, and (5) provide a confidence level of the estimated seismic

serviceability.

The new method is based on the Monte-Carlo simulation method and an algorithm for

the hydraulic analyses of damaged water supply systems. The analysis can account for

the regions with negative pressures or partial flow conditions commonly present in heavily

damaged networks. The regions with negative pressures are eliminated from the system

because water pipes are not air tight and cannot sustain suction. The partial flow analysis

is accommodated in an approximate fashion.

The new method was validated by analytical studies as well as by field data obtained from

fire flow tests performed by the San Francisco Fire Department and data obtained from the

Lorna Prieta earthquake. Predictions of GISALLE are consistent with the analytic&! studies

and field data in both case studies. These results suggest that the new method is useful

for assessing the seismic serviceability of a water supply system. Moreover, the method can

be used to improve the seismic performance and optimize the emergency response of water

supply systems.

The GISALLE code was used to perform sensitivity studies on the AWSS. Various supply,

fire and damage scenarios were explored to assess the serviceability of the system after

earthquake. The studies provide a better understanding oC the performance oC AWSS. The

studies also demonstrate that the operation oC pump stations in addition to the JST can be

crucial for supplying an adequate flow for Marina, Folsom and Alabama fires. The seismic

serviceability of AWSS can be particularly sensitive to pipe breaks in infirm area 1. Seismic

protection of major pipes in this area can be crucial to assure a aatisfactory performance oC
the AWSS.
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above).

NCEER·89.Q006 "A Knowledge-Based Approach to Structural Design of Earthquake-Resistant Buildings," by M. Subramani,
P. Gergely, C.H. Conley, 1.1'. Abel and A.H. Zaghw, I/IS/89, (PB89·21846S).

NCEER-89-OOO7 "Liquefaction Hazards and Their Effects on Buried Pipelines," by T.D. O'Rourke and PA Lane, 211/89,
(PB89-218481).

NCEER-89-OOO8 "Fundamentals of System IdentifK:ation in Structural Dynamics," by H. lmai, C·B. Vun, O. Maruyama and
M. Shinozuka, 1/26/89, (PB89·2072 I I).

NCEER-89-0009 "Effects of the 1985 Michoacan Earthquake on Water Systems and Other Buried lifelines in Mexico: by
A.G. Ayala and M.I. O'Rourke, 3/8189. (PB89-207229).

NCEER-89-RO I0 "NCEER Bibli(\graphy of Earthquake Education Materials,· by K.E.K. Ross, Second Revision. 9/1189,
(PB90-12S3S2).

NCEER-8900011 "Inelastic Three-Dimensional Response Analysis of Reinforced Concrete Buildina
Structures (IOARC·3D), Part I· Modeling," by S.K. Kunnath and A.M. Reinhom, 4/17/89, (PB90-II4612).

NCEER·89-0012 "Recommended ModifK:ations to ATC-14," by C.D. Poland and J.O. Malley, 4/12189, (PB90-10I648).
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NCEER-89'()()13 "Repair and Strengthening of Beam·to-Column Connections Subjected to Earthquake Loading," by M.
Corazao and A.J. Durrani 2128/89. (P890-10988S).

NCEER-89'()()14 "Program EXKAL2 for Identification of Structullli Dynamic S:,stems." by O. Maruyama, CAB. Yun. M.
Hoshiya and M. Shinozuka, S/19/89, (P890-109877).

NCEER-89'()() 1S "Response of FllImes With Bolted Semi-Rigid Connections, Part I - Experimental Study and Analytical
Predictions," by PJ. DiCorso, A.M. Reinhom, J.R. DickcBon, J.B. Radziminski and W.L. Harper, 611189,
to be published.

NCEER-89'()()16 "ARMA Monte Carlo Simulation in Probabilistic Structullli Analysis." by P.D. Spanos and M.P. Mignolet,
7/10/89, (PB90-109893).

NCEER-89·POI7 "Preliminary Proceedings from the Conference on Disaster Preparedness. The Place of Earthquake
Education in Our Schools," Edited by K.EK Ross, 6123/89, (PB90-108606).

NCEER-89'()()17 "Proceedings from the Conference on Disaster Preparedness· The Place of Earthquake Education in Our
Schools," Edited by K.E.K. Ross, 12131/89. (PB90·20789S). This repon is available only through NTIS (see
address given above).

NCEER·89.()()18 "Multidimensional Models ofHysteretic Material Behavior for Vibllltion Analysis of Shape Memory EnelllY
Absorbing Devices, by E.J. GllIesser and FA Cou.arelli. 617/89. (P890-164146).

NCEER-89'()()19 "Nonlinear Dynamic Analysis of Three-Dimensional Base Isolated Structures (3D-BASIS)," by S.
Naglll1ljaiah, A.M. Reinhom and M.e. Constantino!.!, 8/3/89, (PB90-161936). This repon is available only
through NTIS (see address given above).

NCEER-89.()()20 "Struclullli Control Considering Time-Rate of Control Forces and Control Rate Constraints," by F.Y. Cheng
and C.P Pantelides. 8/3/89, (PB90-12044S).

NCEER-89..()()21 "Subsurface Conditions of Memphis and Shelby County: by K.W. Ng. T-S. Chang and H-H.M. Hwang.
7126/89, (PB90-120437).

NCEER·89.()()22 "Seismic Wave Propagation Effects on Straight Jointed Buried Pipelines," by K. Elhmadi and MJ.
O'Rourke. 8/24/89. (P890-162]22).

NCEER-89-0023 "Workshop on Serviceability Analysis of Water Delivery Systems," edited by M. Grigoriu. 3/6189, (PB90
127424).

NCEER-89..()()24 "Shaking Table Study of a liS Scale Steel Frame Composed of Tapered Members: by
K.C. Chang, J.S. Hwang IIId G.C. Lee. 9/18189, (P890-160 I69).

NCEER·89-002S "DYNAID: A Computer Program for Nonlinear Seismic Site Response Analysis - Tec:hnk:al
Documentation," by Jean H. Prevost, 9/14189, (PB90-161944). This repon is available only throup NTIS
(see address given above).

NCEER-89-0026 "1:4 Scale Model Studies of Active Tendon Systems and Active Mass Dampers for Aseismic Protection,"
by A.M. Reinhom, T.T. Soon~. R.C. Lin, Y.P. Yang. Y. Fukao, H. Abe and M. Nakai, 9/ISI89. (PB90
17]246).

NCEER-89..()()27 "Scattering of Waves by Inclusions in a Nonhomoeeneous Elastic Half Space Solved by Boundary Element
Methods," by P.K. HadlC)', A. Askar and A.S. Cakmak, 6/ISI89, (PB90-14S699).

NCEER-89..()()28 "Statistical Evaluation ofDetlec:tion AmplifICation Factors for Reinforced Concrete Structures," by H.H.M.
Hwang, J-W. Jaw IIId A.L. Ch'ng. 8131189. (PB90-I64633).
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NCEER-89-Q029 -Redrock Accelerations in Memphis Area Due to Large New Madrid Earthquakes," by H.H.M. Hwang,
C.H.S. Chen and G. Yu, 1117189, (PB90-162330).

NCEER·89-0OJO ·Seismic Behavior and Response Sensitivity of Secondary Structural Systems," by Y.Q. Chen and T.T.
Soong, 10/23/89, (PB90-I646S81

NCEER·89-Q031 "Random Vibration a,ld Reliability Analysis of Primary-Secondary Structural Systems," by Y. Ibrahim, M.
Grigoriu and T.T. Soong, 11/10/89, (PB90-1619SI).

NCEER-89-Q032 "Proceedings from the Second U.S.• Japan Workshop on Liquefaction, Large Ground Deformation and
Their Effects on I.ifelines, September 26-29, 1989," Edited by T.D. O'Rourke and M. Hamada, 12/1/89,
(PB90-209388).

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

NCEER·89-Q034 "On the Relation Between Local and Global Damage Indices," by E. DiPasquale and A.S. Cakmak, 8/"/89,
(PB90-17386S).

NCEER-89-Q035 "Cyclic Undrained &ehavior of Nonplastic and Low Plasticity Silts," by AJ. Walker and H.E. Stewart,
7/26/89, (PB90-183SI8)

NCEER·89-QOJ6 "Liquefaction Potential of Surficial Deposits in the City of Buffalo, New York," by M. Budhu, R. Giese
and L. Baumgrass, 1/17189, (PB90-2084H).

NCEER-89-Q037 "A Deterministic Assessment of Effects of Ground Motion Incoherence," by A.S. Veletsos and Y. Tang,
7/IS/89, (PB90-I64294).

NCEER-89-0038 "Workshop on Ground Motion Parameters for Seismic Hazard Mapping," July 17·18, 1989, edited by R.V.
Whitman, 12/1189, (PB90-17392J).

NCEER·89'()()39 "Seismic Effects on Elevated Transit Lines of the New York City Transit Authority," by C.J. Costantino,
C.A. Miller and E. HeymsflCld, 12126/89, (PB90-207887).

NCEER-8~ "Centrifugal Modeling of Dynamic Soil-Structure Interaction," by K. Weissman, Supervised by J.H.
Prevost, S/10/89, (PB90-207879).

NCEER-89.0041 "Linearized Identification of Buildings With COleS for Seismic Vulnerability Assessment," by I-K. He and
A.E. Aktan, 11/1/89, (PB90-2SI94J).

NCEER·90·0001 "Geotechnical and Lifeline Aspects of the October 17. 1989 Loma Prieta Earthquake in San Francisco,"
by T.D. O'Rourke, H.E. Stewart, F.T. Blackburn and T.S. Dickerman. 1190, (PB90-208596).

NCEER-90-0002 "Nonnormal Secondary Response Due to Yielding in a Primary Structure," by D.C.K. Chen and L.D. Lutes,
212B19O, (PB90-2SI976).

NCEER.90-000J "Earthquake Education Materials for Grades K·12," by K.E.K. Ross, 4/16190, (PB91-2S1984).

NCEER·90-Q004 "Catalog of Strong Molion Stations in Eastern North America," by R.W. Busby, 413190. (PB90-2SI984).

NCEER.90.000S "NCEER Strong.Motion Data Base: A User Manual for the GeoBase Release (Version 1.0 for the Sun]),"
by P. Friberg and K. Jacob. 3131190 (PB90-2S8062).

NCEER·~ "Seismic Hazard Along a Crude Oil Pipeline in the Event of an 1811-1812 Type New Madrid Earthquake,"
by H.H.M. Hwang and C·H.S. Chen. 4/1619O(PB90-2SBOS4).
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NCEER-90-0001 "Site·Specific Response Spectra for Memphis Sheahan Pumping Station," by H.H.M. Hwang and C.S. Lee,
Sml9O, (PB91·108811).

NCEER-90-0008 "Pilot Study on Seismic Vulnel'llbility of Crude Oil Transmission Systems," by T. Ariman, R. Dobry, M.
Grigoriu, F. Kozin, M. O'Rourke. T, O'Rourke and M. Shinozuka, S12519O, (PB91·108831).

NCEER-90-0009 "A Program to Generate Site Dependent Time Histories: EQGEN," by G.W. Ellis. M. Srinivasan and AS.
Cakmak, 1130190, (PB91-108829).

NCEER-90-00IO "Active Isolation for Seismic Protection of Operating Rooms," by M.E. Talbott, Supervised by M.
Shinozuka. 61819. (PB91-II020S).

NCEER-90-0011 ·Progl'llm LINEARID for Identification of Linear Structul'lll Dynamic Systems," by C-B. Yun and M.
Shinozuka, 6I2SI9O, (PB91·110312).

NCEER-90-0012 "Two-Dimensional Two-Phase Elasto-Plastic Seismic Response of Earth Dams: by A.N.
Yiagos. Supervised by J.H. Prevost, 6120190. (PB91-110197),

NCEER-90-0013 "Secondary Systems in Base-Isolated Structures: Experimental Investigation. Stochastic Response and
Stochastic Sensitivity," by G.D. Manolis. G. JOOn, M.C. Constantinou and A.M. Reinhom, 111190, (pB91
110320),

NCEER-90-0014 "Seismic Behavior of Lightly-Reinforced Concrete Column and Beam-Column Joint Details," by S.P.
Pessiki, C.H. Conley. P. Gergely and R.N. White, 8/22190, (PB91-\0879S).

NCEER-90-00IS "Two Hybrid Control Systems for Building Structures Under Strong Earthquakes," by J,N, Yang and A.
Danielians. 6129190. (PB91-12S393).

NCEER-90-0016 "Instantaneous Optimal Control with Accelel'lltion and Velocity Feedback," by J.N. Yang and Z. Li,
6/29190, (PB91-12S40I),

NCEER·~~17 "Reconnaissance Report on the Northern Iran Earthquake of June 21, 1990," by M. Mehrain, 1014190,
(PB91-12S377).

NCEER-90-0018 "Evaluation of Liquefaction Potential in Memphis and Shelby County," by T.S. Chang, P.S. Tang, C.S. Lee
and H. Hwang, 8110190, (PB91-12S427).

NCEER·90-0019 "Experimental and Analytical Study of a Combined Sliding Disc Bearing and Helical Steel Spring Isolation
System," by M.e. Constantinou, A.S. Mokha and A.M. Reinhom, 1014190. (PB91-12S38S).

NCEER-90-0020 "Experimental Study and Analytical Prediction of Earthquake Response ofa Sliding Isolation System with
a Spherical Surface," by A.S. Molma, M.C. Constantinou and A.M. Reinhom, 10111190, (PB91-12S419).

NCEER-90-002I "Dynamic Interaction Factors for Floating Pile Groups," by G. Gazctas, K. Fan, A Kaynia and E. Kausel,
9/10190, (PB91-170381).

NCEER-90-0022 "Evaluation of Seismic Damage Indices for Reinforced Concrete Structures," by S. Rodriguez-Gomcz and
AS. Cakmak, 9/30190, PB91-171J22).

NCEER-90-0023 ·Study of Site Response at a Sclcctcd Memphis Site," by H. Desai. S. A1unId, E.S. Gazctas and M.R. Oh,
10111190, (PB91·1968~7).

NCEER-90-0024 "A User's Guide to Strongmo: Version 1.0 of NCEER·s Strone-Motion Dala Access Tool for PCs and
Tcnninals," by PA. Friberg and CAT. Susch, IIIISI9O, (PB91-171272).
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NCEER·90-0025 "A Three-Dimensional Analytical Study of Spatial Variability of Seismic Ground Motions," by L-L. Hong
and A.H.-S. Ang. 10130190. (PB91.170399).

NCEER-90-0026 "MUMOID User's Guide· A Program for the Identification of Modal Parameters," by S. Rodri suez·
Go mel and E. DiPasquale. 9130190. (PB91.171298).

NCEER-90-0027 "SARCF-II User's Guide - Seismic Analysis of Reinforced Concrete Frames," by S. Rodri guez-Go mez,
Y.S. Chung and C. Meyer. 9130190, (PB91-171280).

NCEER·90-0028 "Viscous Dampers: Testing. Modeling and Application in Vibration and Seismic: Isolation," by N. Makris
and M.C. Constantinou. 12120190 (PB91-I90S61).

NCEER-90-0029 "Soil Effects on Eanhqualte Ground Motions in the Memphis Area," by H. Hwang. C.S. Lee. K.W. Ng and
T.S. Chang, 812190. (PB91-1907SI).

NCEER·9I-0001 "Proceedings from the Third Japan·U.S. Workshop on Earthquake Resistant Design of Lifeline Facilities
and Countermeasures for Soil Liquefaction. December 17-19. 1990," edited by T.D. O'Rourke and M.
Hamada, 211191, (PB91-179259).

NCEER·9I-0002 "Physical Space Solutions of Non-Proportionally Damped Systems," by M. Tl'ng, Z. Liang and G.C. Lee.
I/lSI91. (PB91-179242).

NCEER-91-OOO3 "Seismic: Response of Single Piles and Pile Groups," by K. Fan and G. Gazetas, 1/10191. (PB92-174994).

NCEER-91-0004 "Damping of Structures: Part I • Theory of Complex Damping." by Z. Liang and G. Lee, 10110191. (PB92
197235).

NCEER-91-OOO5 "3D-BASIS - Nonlinear Dynamic: Analysis of Three Dimensional Base Isolated Structures: Part II," by S.
Nagarajaiah. A.M. Reinhom and M.C. Constantinou. 2128191. (PB91-1905S3).

NCEER-91..()()()6 "A Multidimensional Hysteretic: Model for Plasticity Deforming Metals in Energy Absorbing Devices." by
EJ. Graesscr and FA Cozzarelli, 419191. (PB92-lOg364).

NCEER·91-OOO7 "A Framework for Customizable Knowledge-Based Expert Systems with an Application to. KBES for
Evaluating the Seismic: Resistance of Existing Buildings," by E.G. Ibarra-Anaya and S.J. Fenves, 419191.
(PB91-210930).

NCEER-9I-0001 "Nonlinear Analysis of Steel Frames with Semi-Rigid Connections Using the Capacity Spec:trIIm Method,"
by G.G. Deicrlcin, SoH. Hsieh, Y-J. Shen and J.F. Abel, 712191. (PB92·113828).

NCEER-91~ "Earthquake i.ducalion Materials for GI'Ides K·12," by K.E.K. Ross., 4130191. (PB91·212142).

NCEER-91-oGIO "Phase Wave Velocities and Displac:ement Phase Differences in a HlIl'IIIonitally Oscillatinc Pile," by N.
Makris and G. Gazctu. 7MI. (PB92·10I356).

NCEER·9I-0011 ·Dynamic Chuacteristic:s ora Full-Size Five-Story Steel Structure and a 215 Scale Modc~" by K.C. Chan&.
G.C. YIO. G.C. Lee. D.S. HIO and Y.C. Yeh," 712191, (PB93-116648).

NCEER-91-OO12 "Seismic Response ora 215 SCale Steel StructIIrc with Added Viscoelastic Dampers," by K.C. Chan&. T.T.
Soong, SoT. Oh and M.L. Lai. 5/17191. (PB92-110I16).

NCEER-91-OO13 ·Earthquake Response of Retaining Walb; Full-Seale: Testina and Computational Modcling," by S.
AllmpaJli and A-W.M. EIpmaI, 6I20J9I. to be published.
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NCEER-91'()()14 "3D-BASIS-M: Nonlinear Dynarnit Analysis of Multiple Building Base Isolated Struttures," by P.C.
Tsopelas, S. Nagarajaiah, M.C. Constantinou and A.M. Reinhom, ~12&191, (PB92-11388~).

NCEER-91'()()15 "Evaluation ofSEAOC Design Requirements for Sliding Isolated Struttures," by D. Theodossiou and M.C.
Constantinou, 6/ I0191, (PB92-114602).

NCEER-91'()()16 "Closed-Loop Modal Testing of a 27-Stol}' Reinforted Contrete Flat Plate-Corc Building," by H.R.
Somaprasad, T. Toksoy, H. Yoshiyuki and A.E. Aktan, 7/15191, (P892-129980).

{If

NCEER-91'()()17 "Shake Table Test ora 1/6 Stale Two-Story Lightly Reinforted Concrete Building." by A.G. EI-AttP". R.N.
White and P. Gergely, 2128191, (P892-222447).

NCEER-91'()()18 "Shake Table Test of a 118 Scale Three-Stol}' Lightly Reinforted Concrete 8uilding," by A,G. EI-Attar,
R.N. White and P. Gergely, 212&191, (P893-116630).

NCEER·91.()()19 "Transfer Functions for Rigid RCttangular Foundations," by A.S. Veletsos, A.M. Prasad and W.H. Wu.
7131191.

NCEER-91.()()20 "Hybrid Control of Seismic-Excited Nonlinear and Inelastit Structural Systems," by J.N. Yang. Z. Li and
A. Danielians, 811191, (P892-143171).

NCEER-91'()()21 "The NCEER-91 Eanhquake Catalog: Improved Intensity-Based Magnitudes and Recurrence Relations for
U.S. Eanhquakes East of New Madrid," by L. Seeber and J.G. Annbruster, 812&191, (PB92-176742).

NCEER-91'()()22 "Pro<:eedings from the Implemenlatinn of Earthquake Planning and Education in Schools: The Need for
Change - The Roles of the Changemakers," by K.E.K. Ross a.~ F. Winslow, 7/23191, (PB92-129998).

NCEER-91'()()23 "A Study of Reliability-Based Criteria for Seismit Design of Reinforced COntre1e Frame Buildings," by
H.H.M. Hwang and H-M. Hsu, 8/10191, (PB92·14023~).

NCEER-91'()()24 "Experimenlal Verifkation ofa Number of Structural System Identification Algorithms," by R.G. Ghanem,
H. Gavin and M. Shinozuka, 9/18191, (PB92-176S77).

NCEER-91'()()2~ "Probabilistic Evaluation ofLiquefaction Potential," by H.H.M. Hwang and C.S. Lee," 1I12~I9I, (pB92·
143429).

NCEER·91.()()26 "Instantaneous Optimal Control for Linear, Nonlinear and Hysteretit Structures· Stable Controllen," by
IN. Yang and Z. L~ 11/1SI9I, (PB92· I63807).

NCEER-91'()()27 "Experimental and Thcomieal Study of. Sliding Isolation System for 8ridges," by M,C. COIISIantinou,
A. Kartoum, A.M. Reinhom and P. 8..-dford, 111.,191, (P892-176973).

NCEER-92-OOOl "Case Studies of Liquefaction and Lifeline Performance During Past Earthquakes, Volume: I: JapMCSC Cue
Studies," Edited by M. Hamada and T. O'Rourke, 2117192, (pB92-197243).

NCEER-92-OOO2 "Cue Studies of LiquefllCtion and Lifeline Performance During Past Earthquakes, Volume: 2: United States
Case Studies," Edited by T. O'Rourke and M. Hamada, 2117192, (P992-1972S0).

NCEER-92-OOO3 "Issues in Earthquake Edutation," Edited by K. Ross, 2/3192, (P892-222389).

NCEER-92.()()()4 "Proceedings from the Fint U.S.• J8P80 Workshop on Earthquake Protective Systems for Brid,es," Edited
by I.G. Buckle, 214192, (pB94-142239. A99, MF-A06).

NCEER-92-OOO5 "Seismic Ground Motion from • Haskell-Type Source in a Multiple-Layered Half-SpiCe," A.P. Theoharis,
G. Dcodatis and M. Shinozuka, 112192, to be published.
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NCEER-92.()()()(j "Proceedings from the Site Effects Workshop," Edited by R. Whitman, 2/29/92, (PB92·197201).

NCEER-92'()()()7 "Engineering Evaluation of Permanent Ground Deformations Due to Seismically-Induced Liquefaction,"
by M.H. Baziar, R. Dobry and A-W.M. Elgamal, 3/24/9Z, (PB92-22242 I).

NCEER·9Z.()()()8 "A Procedure for the Seismic Evaluation of Buildings in the Central and Eastern United States," by C.D.
Poland and 1.0. Malley, 412192, (PB92-222439).

NCEER-92-0009 "Experimental and Analytical Study of a Hybrid Isolation System Using Friction Controllable Sliding
Bearings," by M.Q. Feng, S. Fujii and M. Shinozuka, 511S/92, (PB93-150282).

Nf:EER-92-OO10 "Seismic Resistance of Siab-Column Connections in Existing Non-Ductile Flat-Plate BUildings," by AJ.
Durrani and Y. Du, 5118192.

NCEER-92-OO1 I "The Hysteretic and Dynamic Behavior of Brick Masonry Walls Upgraded by Ferrocement Coatings Under
Cyclic Loading and Strong Simulated Ground Motion," by H. Lee and S.P. Prawel, 5/11/92, to be
pUblished.

NCEER·9200012 "Study of Wire Rope Systems for Seismic Protection of Equipment in Buildings," by G.F. Demetriades,
M.C. Constantinou and A.M. Reinhom, 5/20192.

NCEER-92-OO13 "Shape Memory Structural Dampers: Material Properties, Design and Seismic Testing," by P.R. Witting
and FA Cozzarelli, 5126192.

NCEER-9Z-0014 "Longitudinal Permanent Ground Deformation Effects on Buried Continuous Pipelines," by MJ. O'Rourke,
and C. Nordberg, 6/15/92.

NCEER-92-OO15 "A Simulation Method for Stationary Gaussian Random Functions Based on the Sampling Theorem," by
M. Grigoriu and S. Balopoulou, 6/11/92, (PB93-127496).

NCEER·9Z-0016 "Gravity-Load-Designed Reinforced Concrete Buildings: Seismic Evalul>tion of Existing Construction and
Detailing Strategies for Improved Seismic Resistance," by G.W. Hoftinann, S.K. Kunnath, A.M. Reinhorn
and J.B. Mander, 7/15/92, (PB94-142007, A08, MF-A02).

NCEER-92-OO17 "Observations on Water System and Pipeline Performance in the Lim6n Area of Costa Rica Due to the
April 22, 1991 Earthquake," by M. O'Rourke and D. Ballantyne, 6130/92, (PB93-1268 I I).

NCEER-9Z-0018 "Fourth Edition of Earthquake Education Materials for Grades K·IZ," Edited by K.E.K. Ross, 8/10192.

NCEER·92-OO19 "Proceedings from the Fourth Japan-U.S. Workshop on Earthquake Resistant Desip of Lifeline FlCilitics
and Countermeasures for Soil LiquefKtion," Edited by M. Hamada and T.D. O'Rourke, 8/12192, (pB93
163939).

NCEER-9200020 "Active BrKing SVstcm: A Full Scalc Implementation of Active Control" by A.M. Reinhom. T.T. Soonl!.
R.C. Lin, M.A. Riley, Y.P. Wang, S. Aizawa and M. Higashino, 8/14/92, (pB93·127512).

NCEER-92-OOZI "Empirical Analysis of Horizontal Ground Displacement Generated by Liquefaction-Induced LatcraI
Spreads," by S.F. 8art1ctt and T.L. Youel, 1117/92, (PB93-188241).

NCEER-92-OO22 "IDARC Version 3.0: Inelastic Damage Analysis of Reinforced Concrete Structures," by S.K. Kunnadt,
A.M. Reinhom and R.F. Lobo, 8/31192, (PB93-227502, AD7, MF-A02).

NCEER-92-0023 "A Semi-Empirical Analysis of Strong-Motion Peaks in Terms of Seismic Source, Propqation Path and
Local Site Conditions, by M. Kamiyama, MJ. O'Rourke and R. Flores-Bcrroncs, 919192, (pB93-150266).

NCEER-92-OO24 "Seismic Behavior of Reinforced Concrete Frame Structures with Nonductile Details, Part I: SWIIIDIIY of
Experimental Findings ofFutl ScaIc Beam-Column Joint TcslS," by A. Beres, R.N. White and P. GcrJcIy,
9130192, (pB93-227783, A05, MF-AOI).
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NCEER-92-<102S "Experiml:ntal Rl:sults of Rl:paiR:d and Rdrofikd &am-(..olumn Joint Tests in Lighdy Reinfon:ed
Concrete Frame Buildings," by A. &res. S. EI-Borgi, R.N. White and P. Gergely, 10/29192. (PB93-227791.
AOS. MF-AOI).

NCEER-92-<1026 "A Genl:ralization of Optimal Conool Thl:ol)': Linear and Nonlinear Structures," by J.N. Yang. Z. Li and
S. Vongchavalitkul, 11/2/92, (PB93-188621).

NCEER·92-<1027 "Seismic Resistance of Reinforced Concrete Frame Structures Designed Only for Gravity Loads: Part [ •
Design and Properties of a One-Third Scale Model Structure," by J.M. Bracci, A.M. Reinhom ud J.B.
Mander, 1211192, (PB94-I04S02. A08, MF·A02).

NCEER-92-<1028 "Seismic Resistance of Rl:inforced Concrete Framl: Structures Designed Only for Gravity Loads: Part II •
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