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CHAPTER 1
INTRODUCTION

1.1 BACKGROUND

Water supplies constitute a key component of critical civil infrastructure that supports fire
protection and provides water for potable household consumption as well as industrial and
commercial uses. Water is conveyed mostly in underground pipelines. Thus, ground
movements triggered by earthquakes have a direct effect on the integrity and reliability of water
distribution networks. Water supplies are vulnerable to earthquakes. This vulnerability has been
demonstrated by extensive damage sustained during previous earthquakes, such as the 1906 San
Francisco (e.g., Schussler, 1906; Manson, 1908; Lawson, 1908), 1971 San Fernando (e.g.,
Steinbrugge, et al., 1971; Eguchi, 1982), and 1994 Northridge (e.g., Lund and Cooper, 1995;
Hall, 1995; Eguchi and Chung, 1995; O’Rourke, et al., 2001) earthquakes. Earthquake damage
to water supply systems may disrupt residential, commercial, and industrial activities; impair
fire-fighting capacities; and prolong local community recovery in the aftermath of earthquakes.
It is very important, therefore, to model the earthquake performance of water supply systems in a
robust and reliable way for emergency planning, community restoration, and assessment of

regional economic impacts.

Earthquake performance of a water supply system depends on the available flows and
pressures in the damaged system. The flows and pressures can be predicted using hydraulic
network analysis, which involves solving a set of linear and/or nonlinear algebraic equations,
normally by means of computer programs. Commercial hydraulic network analysis software
packages are designed for undamaged systems, and may predict unrealistically high negative
pressures when used for damaged systems. Hydraulic network analysis results with negative
pressures are inaccurate. Real water supply systems are not air tight, and thus their ability to
support negative pressures is limited. To simulate the seismic performance of water supply
systems, earthquake damage to pipelines needs to be added to the network and then hydraulic

simulation performed using the damaged network. There are no pipe break or leak simulation



algorithms in commercial software packages. It is therefore important to develop an algorithm to
model pipe breaks and leaks, and integrate this algorithm into an analysis program for simulation

purposes.

A computer program, GIRAFFE, has been developed for the hydraulic network
simulations of heavily damaged water supply systems. GIRAFFE stands for Graphical Iterative
Response Analysis for Flow Following Earthquakes. It involves over 10,000 lines of C++ code
and works iteratively with the EPANET hydraulic network analysis engine. GIRAFFE embodies
an iterative procedure for negative pressure elimination, methods for simulating pipeline breaks
and leaks, and the simulation of earthquake demands associated with distribution networks.
GIRAFFE can perform both deterministic and probabilistic simulations, and provides results
which can be directly linked to GIS to conduct spatial analysis and map presentations.

This manual is written to provide users with a tool for understanding the main features,
modeling methodology, and input and output parameters and data files for GIRAFFE
simulations.  Selected examples are presented to help users to understand the GIRAFFE

simulation procedures.

1.2 SCOPE

This manual is divided into 7 chapters. The first chapter provides the background of
GIRAFFE. Chapter 2 presents an overview of GIRAFFE simulations.

Chapters 3 to 5 present the methodologies applied in GIRAFFE simulations. Chapter 3
provides an introduction of hydraulic network analyses and negative pressure treatment. Chapter
4 describes the pipe damage modeling methodology applied in GIRAFFE. Chapter 5 presents
the methodology used for earthquake demand simulations associated with distribution networks.

Chapter 6 provides a detailed description of the GIRAFFE input and output parameters

and data files. Chapter 7 provides three examples associated with the three GIRAFFE simulation



options, which are deterministic, Monte Carlo with fixed simulation runs, and Monte Carlo with

flexible simulation runs.
CHAPTER 2

OVERVIEW OF GIRAFFE SIMULATIONS

2.1 INTRODUCTION

The first version of GIRAFFE was designed to work in an MS-DOS environment.
GIRAFFE versions 2 and 3 are equipped with a graphical user interface (GUI) to provide a better
user experience. Version 3 is installed by opening the file, Giraffe_Install.exe, on the installation
disc. The installation procedure will also allow you to install EPANET2.0 and the necessary
Microsoft .NET Framework 1.1 Package. It is recommended that users install the EPANET2.0
software as it provides a GUI to help users visualize the hydraulic network and GIRAFFE
simulation results. EPANET can be downloaded from the installation disk or from the EPANET
website: http://www.epa.gov/ORD/NRMRL/wswrd/epanet.html#Downloads.

GIRAFFE can perform both deterministic and Monte Carlo simulations. For a
deterministic simulation, GIRAFFE adds damage to the network deterministically and then
performs a hydraulic analysis on the damaged network. For Monte Carlo simulation, users can
either specify the number of Monte Carlo simulation runs or let the code decide the simulation
runs automatically using the built-in self-termination algorithm. For each Monte Carlo
simulation, GIRAFFE damages the system probabilistically and then analyzes the damaged

network.

A complete GIRAFFE simulation includes five major modules, which are system
definition, seismic damage, earthquake demand simulation, hydraulic network analysis, and
compilation of results. A flow chat of a GIRAFFE simulation is shown in Figure 2.1. The major

functions of each module are introduced in the following sections.
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2.2 SYSTEM DEFINITION

The system definition module defines the hydraulic network being analyzed. It provides
information on the physical and operational properties, topology, and demands of a system.
Users can use the GUI of EPANET for system definition and then export the system definition
file. The hydraulic network model of the water supply system operated by the Los Angeles
Department of Water and Power (LADWP) is developed based on the software, H2ZONET
(LADWP, 2002), which uses EPANET as the analysis engine and an AutoCAD platform for
network visualization and the presentation of results. The LADWP hydraulic network model can
be exported from H20ONET into EPANET format, which can then be analyzed by GIRAFFE.
Therefore, when GIRAFFE is used to analyze the LADWP hydraulic network, users do not need
to define the system and only need to export the H2ONET hydraulic model into the EPANET
format. Chapter 7 provides an example on how to export a hydraulic network model developed
using H2ONET into the EPANET format.

2.3 SYSTEM DAMAGE

The damage module adds damage to pipelines. The detailed modeling methodology for
pipe damage is described in Chapter 4. In general, pipe breaks and leaks can be modeled. A
pipe leak can be classified as five different types: annular disengagement, round crack,
longitudinal crack, local loss of pipe wall or local tear of pipe wall. One pipe can have multiple
breaks and leaks. Two simulation options, deterministic and probabilistic, are provided for pipe

damage.

GIRAFFE also incorporates the earthquake performance of tanks by accounting for water
losses with time from damaged pipelines. When considering the tank performance, hydraulic
simulation is divided into different time steps, which are set by users. Within each time step,
GIRAFFE performs a steady state hydraulic simulation for a fixed set of tank levels. From one
time step to the next, the tank levels are updated based on the current tank water levels, tank

outflows, and tank cross-sectional areas.



24 EARTHQUAKE DEMAND SIMULATION

The earthquake demand simulation module implicitly considers the effects of damage to
small diameter distribution pipelines, which are not included in the hydraulic network model, by
increasing nodal demands. The increase of nodal demands is determined by fragility curves,
which relate demand to pipe repair rate. The fragility curves are developed on the basis of
Monte Carlo simulations of the LADWP distribution networks. The detailed methodology for
earthquake demand simulation is provided in Chapter 5. Because the earthquake demand is
simulated probabilistically by fragility curves, this module only works for probabilistic

simulations.

2.5 HYDRAULIC NETWORK ANALYSIS

This module uses the EPANET hydraulic network engine iteratively to solve the
damaged hydraulic network and eliminate negative pressures. As shown in Figure 2.1, the
damaged system is sent to the EPANET engine for hydraulic network analysis. It is possible that
the damaged system cannot be solved because some elements may not have connectivity with the
main system due to earthquake damage. In this case, the EPANET engine gives error messages,
which tell the user the 1D of each element disconnected from the main system. GIRAFFE reads
the error messages and fixes the errors by eliminating the disconnected elements from the
database. GIRAFFE then checks the nodal pressures, and identifies the lowest nodal pressure in
the system. If the lowest pressure is higher than the preset pressure limit, which is zero for
negative pressure elimination, the hydraulic analysis stops. If the lowest pressure is lower than
the pressure limit, the program eliminates the node, the links connected to this node, and the
operational parameters associated with the node and links. After each step of elimination,
GIRAFFE performs a hydraulic network analysis again, and this process continues until there is
no pressure lower than the pressure limit in the system. GIRAFFE requires the user to set the
pressure limit to increase the flexibility of the program. For example, areas with inadequate
pressures for fire fighting can be identified by setting a pressure limit required for fire fighting

purposes.



26 COMPILATION OF RESULTS

This module compiles the hydraulic analysis results into a format compatible with GIS.

It also provides a performance index to measure the system serviceability.

2.6.1 Hydraulic Network Analysis Results

The H2ONET LADWP hydraulic network model database can be exported as GIS data,
in which junctions, pipes, pumps, valves, and tanks are exported into separate shapefiles. The
hydraulic analysis results are thus compiled for these five types of elements. Please note,
reservoirs are treated as a special type of tank which have a fixed grade. A user may classify a
reservoir as a tank to allow water levels to vary dynamically (See Appendix D for special notes
regarding this case). The major outputs for pipes, valves, and pumps are their respective flow
rates. The major outputs for junctions and tanks are their respective pressures and grades. For
the components that are eliminated from the main system due to either negative pressure or
connectivity problems, their results are set to zero to represent the isolation of these components.
For a deterministic simulation, the outputs for the five types of components are reported. For a
probabilistic simulation, the outputs for the five types of components are reported for each run of
the Monte Carlo simulation. The flow rates in pipes and pressures at junctions, which are the
key outputs, are reported for each Monte Carlo simulation run. The mean, standard deviation,
and coefficient of variation (COV) of the flow rate in each pipe and pressure at each node for all
Monte Carlo simulation runs are also calculated and reported. If users perform time-history

simulation to consider the tank performance, the outputs are reported for each time step.

2.6.2 Performance Index

This module provides an index for measuring the seismic serviceability of a damaged
water supply system. The serviceability is defined as the ratio of the available demand to

required demand corresponding to a seismic damage scenario,



S, =T (2.1)

where S_is the serviceability, Q. is the available demand, and Q; is the required demand. The

serviceability can be calculated for each demand node and for the entire system. For a
deterministic simulation, the serviceability for each demand node is either 0, if this demand node
is isolated due to the negative pressure or connectivity problems, or 1, if this demand can be
satisfied. The serviceability for the entire system is the sum of the demands that can be satisfied
over the sum of the total required demands. For a probabilistic simulation, the system
serviceability is reported in a matrix format. For each Monte Carlo simulation run, the
serviceability is reported for each demand node and for the entire system. The mean of the nodal
and system serviceability for all Monte Carlo simulation runs is also calculated and reported. If
users perform time-history simulation to consider the tank performance, the outputs are reported

for each time step.

GIRAFFE provides a simulation option, in which the program will determine how many
Monte Carlo simulation runs are needed to have statistically significant results using the system
serviceability as an index. In this simulation option, GIRAFFE calculates the mean and COV of
the system serviceability, starting from ten simulation runs. Then after every five simulation
runs, GIRAFFE calculates the mean and COV of the system serviceability of all the simulations
and compares the current mean and COV of the system serviceability with the previous ones. If
the difference of both mean and COV of the system serviceability from the two sets of results is
smaller than a user defined percentage (the default is set to 2%), the simulation is terminated,

otherwise, the simulation continues.



CHAPTER 3
HYDRAULIC NETWORK ANALYSIS

3.1 INTRODUCTION

The basic function of a water supply system is to deliver water from sources to customers.
Moving water from source to customer requires a network of pipes, pumps, valves, and other
appurtenances. Storing water to accommodate fluctuations in demand due to varying rates of
usage or fire protection requires storage facilities, such as tanks and reservoirs. Pipes, pumps,
valves, storage, and the supporting infrastructure together comprise a water supply system. A
hydraulic network model is a mathematical model of a water supply system in which the
physical components of the system are represented as nodes and links. Hydraulic network
analysis utilizes the physical and operational properties, topology, and demands of a water
supply system as basic input data, and calculates pressures at nodes and flows in links.
Hydraulic network analysis can be used to predict pressure and flow conditions in a water supply
system under different operational scenarios to ensure that sound, cost-effective engineering
solutions can be implemented in the design, planning, and functioning of the water supply

system.

This section provides a brief introduction of hydraulic network analysis. The basic
methodology for hydraulic network analysis is introduced. The EPANET hydraulic simulation
models are described. The negative pressure treatment for simulating heavily damaged water

supply systems is discussed.
3.2 COMPONENTS IN HYDRAULIC NETWORKS
In general, a hydraulic network model consists of two basic classes of elements: nodes

and links. The nodes represent facilities at specific locations in a water supply system, and the
links define relationships between nodes. Typical nodal elements include junctions and storage



nodes, and typical link elements are pipes. Other components, such as valves and pumps, can be
modeled as either links or nodes, depending on different modeling techniques. The primary

modeling purpose of each physical element is briefly described below.

1. Junctions: represent locations where links intersect and where water enters or leaves the
network.

2. Storage nodes: represent locations of storage reservoirs and tanks. The pressures at
storage nodes are known and treated as boundary conditions to solve flow equations. In
contrast to tanks, which have limited storage capacity and for which the volume of stored
water varies with simulation time, reservoirs represent external water sources with
unlimited storage capacity, such as sources from lakes, rivers, or ground aquifers.

3. Pipes: represent links conveying water from one node to another.

4. Pumps: represent elements adding energy to flowing water in the form of an increased
hydraulic grade. A pump can be modeled as either a node or link.

5. Valves: represent elements controlling water flow or pressure from one node to another.
A valve can be modeled as either a node or link. There are different types of valves with
different functions, such as check, pressure reducing, flow control, throttle control, air

release, and vacuum breaking valves.

These physical components are interconnected to form a network and operate together
under some operational rules. Typical operational rules include the change of the status of pipes,
pumps, and valves under certain conditions. For example, the status of a pump is typically
controlled by the water level of the tank it serves. When water in the tank is lower than a certain
level, the pump is opened to boost water to the tank. When water in the tank is higher than a
certain level, the pump is closed and the tank supplies water to customers. The operational rules

give a water supply system the ability to work efficiently under different operation scenarios.

3.3 GOVERNING LAWS

Hydraulic network analysis assumes that a pipeline network is always full and

pressurized with water, and steady state flow condition is reached for every pipeline.

10



Incompressible flow in a pipeline network is then governed by two principle laws: the laws of

mass and energy conservation.
3.3.1 Equation of Continuity

In hydraulic network analyses, conservation of mass is typically expressed as equation of
continuity, which simply states that the algebraic sum of flows into and out of any node should

be zero (Jeppson, 1976). Consider a node i, for which the continuity equation can be expressed

as
ZpiQik = 6i (3.1)

in which éi is the external flow at node i, (normally called demand), n;is the number of pipes
connected to node i, k is an index for pipes, and Q, is the flow rate in pipe k to node i. Typically,

Q,. is positive for flows coming into the node and negative going out. In contrast, éi IS positive

for flows going out of the node and negative coming into.
3.3.2 Bernoulli Equation

The conservation of energy between two cross-sections, i and j, within a flow is

expressed by the Bernoulli equation (Jeppson, 1976) in the form of hydraulic head as
P Y
—‘+$+ h, (3.2)

where z is the elevation head, p is the internal pressure measured from atmospheric levels, y, is

the unit weight of water, p/y,, is the pressure head, v is the flow velocity, g is the gravitational

11



acceleration, v2/2g is the velocity head, his the head gain from external mechanical energy,

such as pumps, and h; is the head losses including frictional and minor losses.

A fundamental aspect of the Bernoulli equation is that there is only one hydraulic head at
each node in a hydraulic network. The algebraic sum of the head losses and gains around any

closed loop should be zero, which is expressed as

h =0 (3.3)

where n,_is the number of pipes in the loop and h, is the head gain or loss in pipe k .

3.4 ENERGY LOSSES

Whenever water flow passes a fixed wall or boundary, friction exists due to the viscosity
of water. The friction transforms part of the useful energy into heat or other forms of non-
recoverable energy, which results in frictional head losses. A number of appurtenances, such as
inlets, bends, elbows, contractions, expansions, valves, meters, and pipe fittings are commonly
included in water supply systems. These devices alter the flow pattern in pipes by creating
additional turbulence, which leads to head losses in excess of frictional head losses. These

additional head losses are called minor or local losses.
3.4.1 Frictional Loss

Frictional loss results from the shear stress developed between water and the pipe wall.
Its magnitude depends on the density, viscosity, and velocity of water, as well as the internal
roughness, length, and size of the pipe (Jeppson, 1976). There are various formulations to
evaluate frictional head losses, and all formulations can be generalized into the following form
(Walski, et al., 2001):

12



hy = K Q" (3.4)

in which h_ is the frictional head loss along pipe k, Q, is the flow rate through the pipe, K, is a

resistance coefficient, and ny is a constant flow exponent.

The most widely used formulations to calculate frictional head losses in hydraulic
network analysis are the Darcy-Weisbach, Hazen-Williams, and Chezy-Manning equations. The

resistance coefficient, K, , and flow exponent, ny, associated with each formulation are listed in

Table 3.1. The Darcy-Weisbach equation is physically-based, as it is derived from the basic
equations of Newton’s Second Law. The main disadvantage associated with the Darcy-
Weisbach equation is that the frictional factor, f, and thus the resistance coefficient, Kg, is a
function of flow rate, Qx. When Equation 3.4 is used to solve flow rate, Qx, with known head

loss, h, , the equation is an implicit expression of the flow rate. Trial-and-error or numerical

methods must be applied to solve it. The Hazen-Williams and Manning formulas are
empirically-based expressions developed from experimental data. The Hazen-Williams formula
is the most frequently used formulation for hydraulic network analysis in the U.S. Jeppson

(1976) provides a detailed discussion of the three formulas.

3.4.2 Minor Loss

Minor losses (also called local losses) are induced by local turbulence. The importance
of such losses depends on the geometric dimension of the hydraulic network and the required
simulation accuracy. If pipelines are relatively long, these minor losses may be truly minor
compared with frictional losses and can be neglected. In contrast, if pipelines are short, the
minor losses may be large and should be considered. If devices, such as a partly closed valve,
cause large losses, the minor losses can have an important influence on the flow rate. In practice,

some engineering judgment is required to decide if the minor losses need to be considered.

13



Table 3.1 Frictional Head Loss Evaluation Formulas

Equation Resistance Coefficient K Flow Exponent n
8fl,
Darcy-Weisbach gd; 7 2
B,
Hazen-Williams CHo2d 1.852
Al, 1
Chezy-Manning dk57 2

Notes:

g: Acceleration of gravity

f.  Friction factor in Darcy-Weisbach formulation, a function of the flow rate and physical
properties of the pipeline. The friction factor, f, can be determined using the Colebrook-White
equation (Jeppson, 1976), Moody diagram (Moody, 1944), or Swamee-Jian formula (Swamee
and Jian, 1976).

I, : Length of pipe

d, : Diameter of pipe

B: Dimensional constant in Hazen-Williams formulation, equal to 4.73 and 10.70 in British and
Sl units, respectively.

C: Hazen-Williams roughness coefficient, a function of the pipe physical properties. The values
of C for different types of pipeline are available in the literature (e.g., Jeppson, 1976;
Armando, 1987; Walski, et al., 2001).

A: Dimensional constant in Chezy-Manning formulation, equal to 4.64 and 10.29 in British and
Sl units, respectively.

L Manning roughness coefficient, a function of the pipe physical properties. The values of u

for different types of pipeline are available in the literature (e.g., Jeppson, 1976; Armando,
1987; Walski, et al., 2001).

14



The minor losses are generally expressed as

K, .
hmk = ZgA':kg ka = Kkak2 (35)

in which K., =K, /(2gA?), g is the acceleration of gravity, Q, is the flow rate, K, is the

minor loss coefficient, and A, is the pipe cross-sectional area. The values of K, for different

types of minor losses have been determined from experiments, and are available in the literature
(e.g., Crane Company, 1972; Miller, 1978; Armando, 1987; Idelchik, 1999; Waskili, et al., 2001).
Sometimes, it is more convenient to equate the minor losses to frictional losses caused by a
fictitious length of pipe, known as an equivalent pipe length. This length can be derived from

Equations 3.4 and 3.5, with the substitution of the selected resistance coefficient K, and flow

exponent ny.
3.5 ENERGY GAINS

There are many occasions when energy needs to be added into a hydraulic system to
overcome elevation difference, as well as frictional and minor losses. A pump is a device to
which mechanical energy is applied and transferred to water as hydraulic head. The head added
to water is called pump head, and is a function of discharge through the pump. The relationship
between pump head and discharge rate is called a pump head characteristic curve, as shown in
Figure 3.1. The pump characteristic curve is nonlinear, and as expected, the more water that
passes through the pump, the less head it can add.

The head that is plotted in the head characteristic curve is the head difference across the
pump, called the total dynamic head. This curve needs to be described as a mathematical
equation to be used in hydraulic simulation. Some models fit a polynomial curve to selected data
points, but a more common approach is to describe the curve using a power function in the form

of
he =h, —cQy (3.6)
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Figure 3.1 General Shape of Pump Characteristic Curve

where h, is the pump head, h, is the cutoff (shutoff) head (pump head at zero flow), Q, is the

pump discharge, and ¢ and m are the coefficients describing the curve shape.

The purpose of a pump is to overcome elevation differences and head losses due to pipe
friction and obstructed flow at fittings. The amount of head which a pump must add to overcome
elevation differences is referred to as static head or static lift and is dependent on system
topology but independent of the pump discharge. Frictional and minor losses, however, are
highly dependent on the pump discharge rate. When these losses are added to the static head for
a series of discharge rates, the resulting plot is called a system head curve. The pump
characteristic curve is a function of the pump and independent of the system, while the system
head curve is dependent on the system and independent of the pump. When a pump
characteristic curve and a system head curve are plotted on the same axes, there is only one point
that lies on both of them. This intersection, as shown in Figure 3.2, defines the pump operation
point, which represents the discharge that passes through the pump and the head that the pump

adds in hydraulic network simulations.
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3.6 FLOW EQUATIONS

Hydraulic network analysis is governed by the laws of mass (continuity equation) and
energy (Bernoulli equation) conservation. The major unknowns that need to be determined are
flows in links and hydraulic head at nodes. The flows and hydraulic heads are linked with each
other by the head loss equations, Equations 3.4 and 3.5. Based on different primary unknowns

used in the equations, four types of flow equations can be developed, which are Q-, H-, AQ - and

hybrid equations (Jeppson, 1976), to express the laws of mass and energy conservation. The four
types of equations set flow rates in links, hydraulic heads at nodes, corrective flows in network
loops, and mixture of flow rates in links and hydraulic heads at nodes as primary unknowns,
respectively. Shi (2006) provides a detailed description of the four types of flow equations. The
solution to these equations requires solving a set of linear and/or nonlinear equations. For
networks with a large number of components, numerical methods must be used. Four widely
used numerical methods are Hardy-Cross, Newton-Rapshon, linear theory, and the gradient
method. References on the detailed procedures of applying the four numerical methods to flow
equations are included in Shi (2006).
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3.7 EPANET

Many commercial software packages are available in the market for hydraulic network
analysis. Among them, EPANET, developed and distributed by the US Environmental
Protection Agency (EPA) (Rossman, 2000), is one of the earliest and most widely used. Because
EPANET contains a state-of-the-art hydraulic analysis engine and its source code is freely
available to the public, a family of software packages including WaterCAD (WaterCAD, 2005),
MIKENET (MIKENET, 2005), H2ONET (MWH Soft Inc., 1999), and others, use the EPANET

analysis engine and develop their own products around it.

EPANET was designed to be a research tool for improving the understanding of the
movement and fate of drinking water constituents in water distribution systems (Rossman, 2000).
It has two major capabilities: hydraulic and quality modeling for water in a pressurized pipeline
network. The water quality modeling is beyond the scope of this study, and therefore, only the
hydraulic modeling capabilities of EPANET are discussed. The following discussion is based on,
but not limited to, the information provided in the EPANET user manual by Rossman (2000).

EPA released a DOS and Windows version of EPANET. The DOS version is an
analysis engine that is coded in the C language. The Windows version includes the analysis
engine with a GUI written with the Daphi language. To run EPANET in the DOS environment,
all network input data are stored in an input text file and analysis results are written into an
output text file. To run EPANET in the Windows environment, users can use the GUI to
construct a hydraulic network model and input network attributes graphically. The GUI
compiles the input information into a text file, and calls on the engine to do the analysis. After
finishing the analysis, the GUI retrieves data from the text output file generated by the engine
and displays the results graphically for visualization. The source codes and executable files of
both the analysis engine and GUI are available from the Internet free of charge. Thus, users can
use EPANET to perform hydraulic network analyses, and can also modify the source codes for

their own product development.
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3.7.1 EPANET Hydraulic Network Components

An EPANET hydraulic network model consists of various physical components, which
are the mathematical representations of physical objects in a real water supply system.
Mathematical representations are also used for operational components that control the behavior

and operational properties of the physical components.

3.7.1.1 Physical Components

EPANET models a water supply system as a collection of links connected to nodes. The
nodes represent junctions and storage nodes, including tanks and reservoirs. The links represent
pipes, pumps, and control valves. Figure 3.3 illustrates how these objects can be connected to
one another to form a network. Each reservoir, tank, pump, and valve, because of its different
physical properties and/or functions, can have different modeling options. Table 3.2 lists all the
physical components that EPANET can model. In total, there are 17 different components,
including 1 junction, 4 storage nodes, 1 pipe, 4 pumps, and 7 valves. Table 3.2 provides a brief
description of the functions and basic input and output parameters associated with hydraulic

simulations of each physical component.
3.7.1.2 Operational Components

In addition to the physical components, EPANET employs three types of operational
components: curves, patterns, and controls that describe the operational aspects of the physical
components.
Curves

Curves are objects that contain data pairs representing a relationship between two
quantities. An EPANET model can utilize four types of curves, which are pump characteristic,

efficiency, volume, and head loss curves. A pump characteristic curve represents the

relationship between the head and flow rate that a pump can deliver. EPANET can model three
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Figure 3.3 Physical Components in an EPANET Hydraulic Network

different shapes of pump curves: single-, three-, and multi-point curves, dependent on the
number of points used to calibrate the pump characteristics. An efficiency curve describes pump
efficiency as a function of pump flow rate and is used for determining energy consumption and
calculating costs associated with pump operations. These calculations are not considered in this
study. A volume curve describes how storage tank volume varies as a function of water level. It
is used when it is necessary to accurately represent tanks, for which the cross-sectional area
varies with water height. A head loss curve is used to describe the head loss through a general
purpose valve as a function of flow rate. It provides the capability to model devices and

situations with unique head loss-flow relationships, such as reduced flow-backflow prevention

valves, turbines, and well draw-down behavior.

Time Patterns

A time pattern is a collection of multipliers that can be applied to a quantity to allow it to
vary over simulation time. Nodal demands, reservoir heads, and pump schedules can all have
time patterns associated with them. When applying time pattern to a quantity, the hydraulic

simulation time is divided into different time intervals, which are set by users. Within each time
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Table 3.2 Summary Table for Physical Components in an EPANET Hydraulic Network Model

Components Descriptions Inputs Outputs
Junction Points where links join together and where | Coordinates; elevation; Hydraulic head,;
water enters or leaves the network demand pressure
Constant Unlimited capacity water sources with | Coordinates; hydraulic head (a
Level constant water level during simulation time constant value)
Reservoir Hydraulic head
Variable Unlimited capacity water sources with water | Coordinates; hydraulic head curve
Level level varying with simulation time (hydraulic head vs. time)
Storage
Node . . .| Coordinates; bottom elevation;
Lo Limited capacity water sources with | 7. S - .
Cylindrical Lo diameter; initial, minimum, and Hydraulic head
cylindrical shape maximum water level
Tank
Variable Limited capacity water sources with variable | Coordinates; volume vs. hydraulic .
. Hydraulic head
Area cross-sectional area grade curve
Start and end node; diameter; ,
. . . i . Flow rate;
Pipe Links conveying water from one node in the | length; roughness and minor loss head loss
P network to another coefficients; status (open, closed,
or containing check valve)
Constant Power Pumps which a supply constant amount of | Start and end node; diameter;
energy to water energy; status (open or closed)
. - . Start and end node; diameter;
One-Point Erl:trenpgi r\1At”th characteristic curves defined by operation flow and head gain: Flow rate;
Pump P status (open or closed) head gain
. Pumps with characteristic curves defined by | Start and end node; diameter; pump
Three-Point . :
three points curve; status (open or closed)
Multiple-Point Pumps with characteristic curves defined by | Start and end node; diameter; pump

multiple points

curve; status (open or closed)
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Table 3.2 (Continued)

Component

Description

Input

Output

Valve

Check (CVs)

Allow water through one direction (built in pipe)

None (presence is indicated by a
“CV” at the end of a pipe
definition line)

Pressure Reducing
Valves (PRVs)

PRVs limit the pressure on their downstream end
to not exceed a pre-set value when the upstream
pressure is above the setting. If the upstream
pressure is below the setting, then flow through
the valve is unrestricted. If the downstream
pressure exceeds the upstream pressure, the
valve closes to prevent reverse flow.

Start and end node; diameter;
minor loss coefficient;
downstream pressure setting;
status (open or closed)

Pressure Sustaining
Valves (PSVs)

PSVs attempt to maintain a minimum pressure
on their upstream end when the downstream
pressure is below the setting. If the downstream
pressure is above the setting, then flow through
the valve is unrestricted. If the downstream
pressure exceeds the upstream pressure, the
valve closes to prevent reverse flow.

Start and end node; diameter;
minor loss coefficient;
downstream pressure setting;
status (open or closed)

Pressure Breaker

PBVs force a specified pressure loss to occur
across the valve. Flow through the valve can be

Start and end node; diameter;
minor loss coefficient; pressure

Valves (PBVs) in either direction. setting; status (open or closed)
Flow Control Start and end node; diameter;

FCVs limit the flow to a specified amount. minor loss coefficient; flow
Valves (FCVs)

setting; status (open or closed)

Throttle Control
Valves (TCVs)

TCVs simulate a partially closed valve by
adjusting the minor head loss coefficient of the
valve.

Start and end node; diameter;
minor loss coefficient; status (open
or closed)

General Purpose
Valves (GPVs)

GPVs are used to represent a link where the user
supplies a special flow-head loss relationship
instead of following one of the standard
hydraulic formulas.

Start and end node; diameter; head
loss vs. flow rate curve; status
(open or closed)

Flow rate;
head loss
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interval the quantity remains at a constant level, equal to the product of its nominal value and the

pattern multiplier for that time period.

Controls

Controls are statements that determine how the network is operated over time. They
specify the status of selected links as a function of time, tank water levels, and pressures at select
junctions within the network. There are two types of controls in EPANET hydraulic network
simulations: simple and rule-based. Simple controls change the status or setting of a link based
on one control condition, such as water level in a tank, pressure at a junction, time into the
simulation, or the time of day. Rule-based controls change the link status or settings based on a
combination of conditions that might exist in the network.

3.7.2 EPANET Input File

EPANET stores all input data in a text file with the file extension, .inp. The inp file is
organized into sections with each section beginning with a key word enclosed in brackets. The
various sections are listed in Table 3.3. Detailed examples of the input file can be found in
Chapter 7. In general these sections can be classified into five categories; Network Components,
System Operation, Water Quality, Options and Reporting, and Network Map/Tags.

The Network Components category stores information about the hydraulic properties of
network physical components including junctions, reservoirs, tanks, pipes, pumps, and valves.
The System Operation category stores information of system operational properties such as
curves, patterns, initial status, controls, rules, and demand. The Water Quality category stores
information for water quality simulation. The Options and Reporting category stores
information of simulation and report options, and times for extended period simulation. The
Network Map/Tags category stores information on the coordinates of each node and coordinates

of each vertex of links.
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Table 3.3 Sections in an EPANET Input File

Network System Water Options and Network
Components Operation Quality Reporting Map/Tags
[TITLE] [DEMANDS] [SOURCES] [ENERGY] [COORDINATES]
[JUNCTIONS] [CURVES] [QUALITY] [OPTIONS] [VERTICES]
[RESERVOIRS]  [PATTERNS] [REACTIONS]  [TIMES] [END]

[TANKS] [ENERGY] [REPORT]

[PIPES] [STATUS]

[PUMPS] [CONTROLS]

[VALVES]

Users can use the GUI provided by EPANET to construct a hydraulic model and export
the inp file. Because EPANET is one of the most widely used hydraulic software programs,
most of the commercial hydraulic network analysis software packages can export EPANET input
files for data exchange. For example, a network model constructed by H2ONET can be directly
exported with the EPANET input file format and analyzed by the EPANET engine. Furthermore,
because the EPANET input file is well organized with different sections, portions can be easily

modified via a text editor.

3.7.3 EPANET Hydraulic Simulation Methodology

The EPANET hydraulic engine can perform either steady state or extended period
simulation. During a steady state simulation, EPANET computes junction heads and link flows
for a fixed set of reservoir levels, tank levels, and water demands at a fixed point of time. For
extended period simulation, EPANET computes junction heads and link flows for a fixed set of
reservoir levels, tank levels, and water demands over a succession of points in time. From one
time step to the next, reservoir levels and junction demands are updated according to their
prescribed time patterns while tank levels are updated using the current flow solution. The
solution for head and flow at a particular time involves simultaneously solving a set of hybrid
equations using the gradient method (Todini and Pilati, 1987).
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3.7.4 EPANET Output File

The outputs from the EPANET engine are generated in a text file with the extension of
file name, .rpt. An output file can contain four sections: Status, Energy, Nodes, and Links.
Users can apply the control parameters in the input file to specify the interested sections and the

quantities associated with each section to be reported.

The Status section lists the initial status of all reservoirs, tanks, pumps, valves, and pipes,
as well as any changes in the status of these components as they occur over time in an extended
period simulation. The Energy section lists the energy consumption and cost for the operation of
each pump in the network. The Nodes section lists simulation results for nodes with the
quantities specified by the user. The default quantities reported for each node include demand,
hydraulic head, and pressure. Results are listed for each reporting time step of an extended
period simulation. The Links section lists simulation results for links with quantities specified
by the user. The default quantities reported for each link include flow, velocity, and head loss.
Diameter, length, water quality, status, setting, reaction rate, and friction factor can also be

reported if required by the user.

3.8 NEGATIVE PRESSURE TREATMENT

Hydraulic network analysis solves for incompressible water flow in a pressurized
pipeline network based on two principle laws: the laws of mass and energy conservation. The
law of mass conservation can be expressed as the equation of continuity, which assumes that all
demands in a system must be satisfied. The law of energy conservation indicates that water can
only flow from nodes with high energy to nodes with low energy. The energy of water is
expressed as hydraulic head, which is the summation of elevation and pressure heads. Hydraulic
head neglects velocity, which is typically small and does not contribute significantly to the
energy balance. The conventional hydraulic network analysis algorithm does not differentiate
positive and negative pressures, and only uses the total head difference to drive water flow to
satisfy demands. The forced satisfaction of all demands, with no differentiation of positive and

negative pressures, may lead to the prediction of unrealistically high negative pressures at some

25



nodes. This outcome is especially true in an earthquake-damaged system, in which demands due
to water losses from pipeline breaks and leaks may be much higher than the supply from

reservoir and transmission pipeline sources.

To account more accurately for flows and pressures, hydraulic network analysis in a
damaged system should be based on the assumption that a water distribution network is not air
tight when internal pressures fall below atmospheric levels (Markov, et al., 1994). Consider node
I, shown in Figure 3.4, of a water supply system with pressure p; < 0, where zero stands for the
atmospheric pressure. The hydraulic head at node i is Hi = Hig + piyw, In which Hi is the
elevation head and y,, is the unit weight of water. Since the physical system is not air tight, air
enters it through node i, causing the pressure at node i to become equal to the atmospheric
pressure so that p;= 0 and H; = Hie. Let Qx be the flow in pipe k connected with nodes i and j.
Qx will be zero if the hydraulic head at node i is higher than that at node j (Hie = Hi > H; ). If this
is the case for all pipes connected with node i, the node is considered as a no-flow node through
which no water can pass. If there are pipes where this condition is not satisfied, the node is
considered as a partial flow node, through which water can pass with reduced flow rates
compared with those predicted by conventional hydraulic network analysis with negative
pressures. By admitting air into the system, flow conditions around the partial flow node become
complicated. They may involve pressurized flow, transition from pressurized flow to open-
channel flow, and open-channel flow (Shi, 2006). Open-channel flow is characterized by the
existence of a free water surface in the flow profile and is more difficult to solve than pressurized
flow. Currently, commercial software packages are not configured to solve the flow conditions

around partial flow nodes.

In GIRAFFE, an isolation approach is applied to treat the negative pressures. This
isolation approach works with EPANET hydraulic network engine iteratively. After hydraulic
network analysis of the damaged system using the EPANET engine, nodes with negative
pressures are identified and isolated step by step, starting with the node of highest negative
pressure. The isolation is simulated by eliminating the node, all connected links, and control

parameters associated with the node and links from the *.inp system definition file. After each
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elimination, network connectivity is checked. If part of the system is isolated from the main
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Figure 3.4 Negative Pressure Node Demonstration (after Markov, et al., 1994)

water sources, it is taken out of the system. The flow analysis and the elimination process

continue until no negative pressure nodes exist in the system.

By discounting water conveyance through partial-flow nodes, the approach adopted in
GIRAFFE removes flow under atmospheric conditions as well as transitional pressures
approaching atmospheric. Such flow will generally occur at relatively low rates and is not
reliable for fire protection after an earthquake. Hence, the model eliminates piping with
uncertain and/or unreliable flows, thus concentrating on those parts of the system that can be

effective during emergency response.

The modeling approach adopted in GIRAFFE, in effect, expresses a damage state as an
operational state by converting the damaged network into one that meets the requirements of
positive pressure and flow in all pipes. By eliminating pipelines with unreliable flow, it has the
practical advantage of showing the system operator what parts of the network are no longer
functional, and thus provides information about the most vulnerable distribution sectors and
potential strategies for mitigation. The model does not account explicitly for water delivery and
pressure losses associated with unsteady flow because accurate network analyses for this

condition are not available. Instead, the model removes the unreliable portions of the system to
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display the remaining part of the network that meets threshold serviceability requirements for

positive pressure.
CHAPTER 4

PIPE DAMAGE MODELING

41 INTRODUCTION

To predict the flow and pressure conditions in a damaged water supply system using
hydraulic network analysis, pipeline damage, including leaks and breaks, needs to be added into
the network, followed by the hydraulic simulation of the damaged system. GIRAFFE provides
comprehensive methods for pipe damage modeling. This chapter presents the methodology for
pipe damage simulation used in GIRAFFE. It begins with the definition of pipe leaks and breaks.
The hydraulic models of leaks and breaks are discussed with special attention given to leak
simulation. A classification for leak types is proposed and mathematical formulations are
developed to determine the opening area of each leak type. Finally, the implementation of the

pipeline break and leak models in association with Monte Carlo simulation is described.

4.2 DEFINITIONS

Following the seismic guidelines for water pipelines by the American Lifelines Alliance
(2005), “a break is defined as the complete separation of a pipeline, such that no flow will pass
between the two adjacent sections of the broken pipe; and a leak is defined as a small leak in a
pipeline, such that water will continue to flow through the pipeline, albeit at some loss of
pressure and flow rate being delivered, with some flow being lost through the leak”. Leaks can
include pin holes in pipe barrels, very minor joint separations on segmented pipelines, and very
small splits in large diameter steel transmission pipelines. A pipe with a break loses its water

transportation function totally, and a pipe with a leak loses its function partially.
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4.3 PIPE LEAK SIMULATION

This section provides the methodology of leak simulation used in GIRAFFE. The
hydraulic model of a leak is discussed. Leaks are classified into five different types and the leak

area is simulated as a function of pipe diameter.

4.3.1 Hydraulic Model

A pipe leak is essentially an orifice in the pipe wall or at a pipe joint, which allows water
to be discharged into the surrounding soil. In GIRAFFE, a pipe leak is simulated as a fictitious
pipe with one end connected to the leaking pipe and the other end open to the atmosphere,
simulated as an empty reservoir. A check valve is built into the fictitious pipe, only allowing
water to flow from the leaking pipe to the reservoir but not in the reverse direction. The
roughness and minor loss coefficients of the fictitious pipe are taken as infinite and 1,
respectively, such that all energy loss from the leak is related to the minor loss. The minor loss
results from flow turbulence created by the sudden expansion of water passing through the flow
area of the orifice to an infinite area external to the pipe (Jeppson, 1976). The diameter of the
fictitious pipe is determined by the leak area.

Based on this hydraulic model, water loss from a leak can be calculated as

Q = [2g/(Ky)]*°Ap®° = (2g/yw)* *Ap*® = Cp p*° (4.1)

in which Q is the flow rate, g is the gravitational acceleration, y,, is the unit weight of water, K is
the minor loss coefficient equal to 1, A is the orifice area, p is the pipe internal pressure, and Cp
is the discharge coefficient equal to (2g/yw)*>A. The pipe leak can be considered as analogous to
a sprinkler used in fire protection, from which water flow is governed by the same flow equation
as Equation 4.1 (Puchovsky, 1999). To validate the model, a set of sprinkler data with discharge
coefficient, Cp, and orifice area, A, are used to test the theoretical relationship between Cp and A
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from Equation 4.1. The comparison in Figure 4.1 shows that the theoretical predictions and real

data follow closely spaced, parallel trends. The Cp of the real sprinklers is roughly 10% lower
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Figure 4.1 Comparison Between Model Predictions and Sprinkler Data

than the theoretical Cp. The small difference results from the frictional loss of real sprinklers

that have a short length; while the model ignores all frictional loss and leads to more water loss.

Figure 4.2 shows the implementation of the pipe leak model in GIRAFFE. It is assumed
that a leak occurs in the pipe ab, which is connected to the upstream node A and downstream
node B. The length of pipe ab is L and the leak occurs at a distance AL, measured from the
upstream node A along the longitudinal direction of pipe ab, in which 1 is a constant, called the
length ratio in this study. GIRAFFE simulates the leak by: 1) eliminating pipe ab from the
network; 2) adding a new junction, AlJab, at the leak location, of which the elevation is
determined by the linear interpolation of the elevations of nodes A and B; 3) adding two pipes,
AlOab and A20ab, which have the same diameter and roughness as pipe ab, to replace the
original pipe ab. Pipe AlOab is connected to node A and junction AlJab, and pipe A20ab is
connected to junction AlJab and node B; 3) adding an empty reservoir A1Rab, which has the

same elevation as the newly added junction AlJab; and 4) adding a pipe, AlLab, to connect the
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newly added junction, AlJab, and reservoir, ALRab. The length of pipe AlLab is set to 0.5 feet,

roughness is 1,000,000, and minor loss coefficient is 1, such that all energy loss from pipe AlLab

s, " o*
A R DCNEY B
<AL >|< (1AL AlOab A20ab
- Pipe ab Length L - L L »‘4 (1-))L -
Pipe leaking Hydraulic model

Figure 4.2 Hydraulic Model for Leak Simulation

is accounted for as minor loss. A check valve is built in pipe AlLab such that water can only
flow from the leaking pipe to the empty reservoir.

In general, to simulate a pipe leak, GIRAFFE deletes one pipe and adds three new pipes,
one junction, and one empty reservoir. To ensure that each new element has a unique ID, all
new elements are assigned to an ID starting with a letter A and ending with the ID of original
pipe. The third character in the ID of the new elements is either an O indicating this pipe is used
to replace the original pipe, R indicating the element is a newly added reservoir, J indicating the
element is a newly added junction, or L indicating the element is a newly added pipe to model
leak. The second character is a number to indicate the order of this type of elements. For
example, the number 1 in A1Oab indicates that this pipe is the first section from the upstream
node of the original pipe and number 2 in A20ab indicates that this pipe is the second section of

the original pipe.

4.3.2 Leak Classification

Using the leak simulation model, a key input parameter is the orifice area, which depends
on pipe material and joint properties, as well as seismic loading characteristics. To develop a
rational basis for estimating the orifice area, a detailed study has been performed by Shi (2006)
on the material properties, joint characteristics, and damage mechanisms of five of the most

commonly used types of pipelines in North America, including cast iron, ductile iron, concrete,
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steel with riveted joints, and steel with welded slip joints. Based on this study, leaks are

classified into five different types A described in the following sections.
4.3.2.1 Annular Disengagement

Annular disengagement refers to joint looseness of segmented pipelines resulting from
joint axial pullout movement during seismic loading. A schematic drawing of annular
disengagement is shown in Figure 4.3. This leak type may occur in cast iron, ductile iron,
jointed concrete cylinder, and riveted steel pipelines. The opening from annular disengagement
occurs in the circumferential direction, and its area is determined by the joint configuration,
relative pullout movement, and condition of the gasket seal or caulking material.

To estimate the opening area of an annular disengagement, the opening area, called

equivalent orifice area (EOA) in this study, is correlated to an area index and the maximum

possible annular area, and calculated as

A=kx Amax (42)

where A is the EOA, A, is the maximum annular area, and k is a constant. The A, is

determined by the configuration of the joint and can be estimated as

A, ~tDx (4.3)

where D is the pipeline diameter and t is the thickness of maximum possible annular space.

Substituting Equation 4.3 into 4.2 results in

A=kxA_ =tkDz (4.4)
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Since a leak is modeled as a fictitious pipeline in hydraulic network analyses, the orifice
needs to be converted into a pipe with a cross-sectional area equal to the EOA. The diameter of

the fictitious pipe, called equivalent orifice diameter (EOD) in this study, can be calculated as

d =4A/ 7 = 24tkD (4.5)

Gasket Lost
/Compressive Seal

Figure 4.3 Schematic Drawing of Annular Disengagement

In GIRAFFE, the maximum possible annular space, t, is taken as 10 mm (0.4 in.) based
on the studies conducted by Shi (2006) on the configurations of joints for the four types of
pipelines in which annular disengagement may occur. As for the ratio, k, of the actual leak area
to the maximum possible leak area, a default value of 0.3 is proposed on the basis of field
observations (O’Rourke, 2005) from previous earthquakes. Users may change the default values
for t and k through the Options menu within GIRAFFE (Click on Options | Configuration | Pipe
Leakage Model).

4.3.2.2 Round Crack
The second leak type is a round crack, which refers to the circumferential cracking of the

pipe barrel or joint under the effects of bending or the combination of bending and tensile forces.
A schematic drawing of a round crack is shown in Figure 4.4. Round cracks occur in pipes
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composed of brittle material and joints, such as cast iron pipes with lead caulked joints. The

EOA is determined by the opening angle of the crack and pipe diameter, and can be calculated as

A =0.52D x (6D) = 0.576D? (4.6)

where @ is the open angle of the crack and D is the pipe diameter.

Figure 4.4 Schematic Drawing of Round Crack

The EOD of a round crack can be calculated as

d =4A/ 7 =4(0.576D%)/ = = /26D (4.7)

Based on field observations (O’Rourke, 2005), a default value of 0.5° is proposed for the
opening angle in GIRAFFE. Users may change the default value for the opening angle, &,
through the Options menu within GIRAFFE (Click on Options | Configuration | Pipe Leakage
Model).

4.3.2.3 Longitudinal Crack

The third leak type is a longitudinal crack, which refers to the cracking of the pipe barrel
or seam along the length of the pipe (longitudinal direction) caused by the external loading

and/or high internal pressures during earthquakes. A schematic drawing of a longitudinal crack
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is shown in Figure 4.5. The longitudinal cracking may occur in metal pipes, which include cast

iron, ductile iron, and riveted steel pipes.
The EOA of a longitudinal crack can be calculated as
A=LxW (4.8)

where L and W are the length and width of the crack, respectively. The length, L, is in the pipe
longitudinal direction and can be taken as the length of a pipe section. The width, W, is in the
pipe circumferential direction and can be estimated asa function of the opening angle, &, of

the crack and pipe diameter, D. The width, W, can be calculated as
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Figure 4.5 Schematic Drawing of Longitudinal Crack

W =Dé (4.9)

Substituting Equation 4.9 into Equation 4.8 results in

A=W xL=LD& (4.10)

The EOD of a longitudinal crack can be calculated as

d =v4A/z =2/LDO/x (4.11)
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The default value for length of the longitudinal crack is taken as thirteen meters (40 ft), which
provides a reasonable, but conservative estimate of the length of metal pipe sections. The
opening angle of the longitudinal crack is estimated as 0.1° from field observations (O’Rourke,
2005). Users may change the default values for the opening angle, &, and longitudinal crack
length, L, through the Options menu within GIRAFFE (Click on Options | Configuration | Pipe
Leakage Model).

4.3.2.4 Local Loss of Pipe Wall

The fourth leak type is the local loss of pipe wall. This leak type is caused by the loss of
a small portion of pipe wall, which is deteriorated by corrosion, under the earthquake loading
effects. A schematic drawing of a local loss of pipe wall is shown in Figure 4.6. The EOA of a
local loss of pipe wall can be calculated as

T

Figure 4.6 Schematic Drawing of Local Loss of Pipe Wall

A=LxW (4.12)

where L and W are the length and width of the orifice. The length, L, is along the pipe

longitudinal direction and can be estimated as a ratio, k;, of pipe diameter as

L=k xD (4.13)

The width, W, is along the pipe circumferential direction and can be estimated as a ratio, ky, of
the pipe circumferential length to yield
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W =k, 7D (4.14)

Substituting Equations 4.14 and 4.13 into 4.12 results in

A= 7k k,D? (4.15)

The EOD of a local loss of pipe wall can be calculated as

d =v4Al 7 = \/4(kk,D?)/ = = 2,[kk, D (4.16)

The loss of pipe wall due to corrosion is usually small. Five percent is proposed as a rough
estimate of the parameters, k; and k,, in GIRAFFE. Users may change the default value for k;
and k, through the Options menu within GIRAFFE (Click on Options | Configuration | Pipe
Leakage Model). However, it is always assumed that k; = k.
4.3.2.5 Local Tear of Pipe Wall

The fifth leak type is local tear of a pipe wall, which typically occurs as a rupture in the
bell casing of a wrinkled welded slip joint and is induced by compressive forces. A schematic
drawing of a local tear of a steel pipeline with welded slip joint is shown in Figure 4.7.

The EOA of a local tear of pipe wall can be calculated as

A=LxW (4.17)

in which, L and W are the length and width of the split, respectively. The length, L, is along the
pipe circumferential direction and can be estimated with a ratio, k, of the pipe circumferential

length,

L = kD (4.18)
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Substituting Equation 4.18 into Equation 4.17 results in

A=W x L = kzDW (4.19)

The EOD of a local tear of pipe wall can be calculated as

d =v4A/z = J4(kaD*W)/x =2-/kwD (4.20)

In GIRAFFE, the default value for length of a local tear is taken as 30% of the pipe
circumferential length, and the width is assumed to be 12 mm (0.5 in.) based on the data from
Northridge earthquake (Shi, 2006). Users may change the default values for k and W through the
Options menu within GIRAFFE (Options | Configuration | Pipe Leakage Model).

Figure 4.7 Schematic Drawing of Local Tear of Pipe Wall

4.3.3 Probability of Leak Types

Since each type of pipeline can have multiple types of leaks, the relative likelihood of
each leak type has to be estimated for each type of pipeline to model pipe leaks using Monte
Carlo simulation. Based on pipeline material and joint properties, as well as limited field data, a

probability table shown in Table 4.1 is proposed for the five leak types associated with various
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types of pipelines. It should be noted that the default probabilities associated with the leak types
under Options | Configuration | Pipe Leak Model do not match the values listed in Table 4.1 due
to the way Monte Carlo simulation calculations are performed in the GIRAFFE code. Users

interested in understanding this process should refer to Chapter 6, Section 2.3 in Wang (2006).

It should be noted that the only leak type for welded steel pipelines is the local tear of
pipe wall resulting from compressive buckling. The majority of locations of local buckling,
although they need to be repaired after earthquakes, are not severe enough to tear the pipe wall
and cause leakage. A conservative estimate adopted in this work is that 80% of repairs from
local buckling would not cause leakage, and 20% of repairs would cause leakage. Therefore, in
GIRAFFE, the repair rate is discounted to 20% when using the repair rate to estimate the number

of leaks for steel pipeline performance simulation after earthquakes.

Table 4.1 Probability of Leak Types for Different Pipelines

Type 1 Type 2 Type 3 Type 4 Type 5
Pipe Material Annular Round Longitudinal | Local Loss Local Tear of
Disengagement Crack Crack of Pipe Wall Pipe Wall
Cast Iron 0.3 0.5 0.1 0.1 N/A
Ductile Iron 0.8 N/A 0.1 0.1 N/A
Riveted Steel 0.6 N/A 0.3 0.1 N/A
Welded Steel N/A N/A N/A N/A 1.0
Jointed 1.0 N/A! N/A! N/A! N/A!
Concrete

1: Not Applicable

44 PIPE BREAK SIMULATION

Following the definition of pipe breaks used in this study, a break is a complete
Water can flow from the two broken ends into the
It is

disconnection of the original pipeline.
surrounding soil. Figure 4.8 shows the hydraulic model of a pipe break in GIRAFFE.
assumed that a break occurs in the pipe ab, which is connected to the upstream node A and

downstream node B. The length of pipe ab is L and the break occurs at a distance AL measured
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from the upstream node A along the pipe ab. GIRAFFE simulates the break by: 1) eliminating
pipe ab from the network; 2) adding two new empty reservoirs, A1Rab and A2Rab, of which the
elevation is determined by the linear interpolation of the elevations of nodes A and B; and 3)
adding two pipes, A10ab and A20ab, which have the same diameter and roughness as pipe ab.
Pipe A1Oab is connected to node A and junction A1Rab, and pipe A20ab is connected to node B
and junction A1Rab. A minor loss coefficient of 1 and a check valve are added to each of pipes
AlOab and A20ab to represent the energy loss and to prevent water from flowing back into the
broken pipeline. In general, to simulate a pipe break, GIRAFFE deletes one pipe and adds two
new pipes and two empty reservoirs. The rules to assign IDs to the new elements are the same as

those used in leak simulations.

45 IMPLEMENTATION OF PIPE DAMAGE MODELS

To simulate the earthquake performance of a water supply system, pipe damage
including breaks and leaks needs to be added into the network. Hydraulic simulation is then
performed on the damaged network to predict the flow and pressure distributions. The pipeline
break and leak models can be implemented into a hydraulic network model both

deterministically and probabilistically.

A#B
AL 44 (L-A)L
- Pipe ab Length L .
Pipe Break

AlRab

Al0ab L (1-/1)LI

Hydraulic Model
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Figure 4.8 Hydraulic Model for Pipe Break

45.1 Deterministic Implementation

The deterministic implementation specifies the number and location of leaks and breaks,
and the orifice area of each leak, occurring in a pipeline network. Pipe leaks and breaks are then
added in the network using the models shown in Figures 4.2 and 4.8, respectively. The
deterministic implementation can be used to simulate the performance of a water supply system
under a specific damage scenario.

4.5.2 Probabilistic Implementation

The probabilistic implementation generates randomly distributed pipeline breaks and
leaks in the system according to pipeline repair rate, RR, length, L, and the conditional

probability of pipe break, P, , given that damage occurs. In addition, the probabilistic

implementation determines the type of each leak probabilistically.  The probabilistic
implementation includes three steps: generating pipe damage, deciding on damage states (leak or

break), and determining leak type.

45.2.1 Generating Pipe Damage

To generate the locations of pipe damage probabilistically, it is assumed that pipe damage
follows a Poisson process with a mean arrival rate equal to repair rate, RR. The repair rate is
correlated with the seismic hazard parameters, such as peak ground velocity (PGV) and
permanent ground deformation (PGD). The determination of repair rate for each pipeline
involves spatial manipulation which is performed by GIS.
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For a Poisson process with a mean arrival rate RR, let L; be the first location of damage,
which is measured from the upstream node of the pipeline along its longitudinal direction. Let L
be the distance between the (k-1)™ and k™ locations of damage. The {L1, Lo, -, Lk, -} is called
the sequence of interarrival distances in Poisson processes (Sheldon, 2000). The actual distance
of the k™ location of damage measured from the pipe upstream node is the cumulative distance
from L; to Ly. For instance, if Ly = 0.1L and L, = 0.5L, where L is the length of the original
pipeline, then the first location of damage occurs at 0.1 of pipe length measured from the pipe
upstream node, and the second location of damage occurs at 0.1 + 0.5 = 0.6 of pipe length.

The Ly, Ly, -, Lx can be simulated as independent exponential random variables with a

mean equal to 1/ RR (Sheldon, 2000) and generated using the Monte Carlo simulation algorithm
L ——iln(l—u) (4.21)
k RR 1 '

where u; is a random variable which is uniformly distributed between 0 and 1. By generating the
interarrival distance Ly repeatedly until the cumulative length exceeds the pipe length, L, it is
able to determine the locations of damage in the pipeline. Figure 4.9 provides an illustration of
the pipe damage generation. In this example, a total of three locations of damage are generated
at points A, B and C, in the pipeline, because the cumulative length of the fourth location of

damage exceeds the pipe length.

Lj_ L2 L3 L4
A E C

L

-

L1, Lo, L3, and L are Interarrival Lengths

Figure 4.9 Poisson Process for Pipe Damage Generation

4.5.2.2 Deciding on Damage State
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After generating pipe damage for each location of damage, a uniformly distributed

random number g, over (0, 1) is generated and compared with the conditional probability of pipe
break, B, , given that damage occurs. The damage is treated as a break if s, exceeds P, , and a

leak otherwise.

The current version of GIRAFFE focuses on PGV-related pipe damage and assigns a

default value of 0.2 for the conditional probability of pipe break, B, , for cast iron, ductile iron,

steel with riveted joints, concrete, and other material of pipelines. For steel pipelines with
welded joints, previous data show that they are unlikely to break. Thus a default value of 0 is

assigned to B, for steel pipelines with welded joints. If better information is available, users can

change these default values under the Options menu in GIRAFFE by clicking on Options |
Configuration | Pipe Damage Probability.

4.5.2.3 Determining Leak Type

The third step determines the type of each leak probabilistically and calculates the orifice
area of each leak using the equations developed in Section 4.3.2. The default probabilities of
each type of leak, corresponding to various types of pipeline, are listed in Table 4.1. To

determine the type of each leak, a uniformly distributed random number, x,, over (0, 1) is

generated and compared with the cumulative probability of the leak types associated with the
pipeline. For example, assume the probability that a leak in a cast iron pipeline is an annular
disengagement is 0.3, round crack is 0.5, longitudinal crack is 0.1, and local loss of pipe wall is
0.1. The leak is classified as an annular disengagement if the uniformly distributed random
number is within the range between 0 and 0.3; round crack if within the range between 0.3 and
0.8, longitudinal crack if within the range between 0.8 and 0.9, and local loss of pipe wall if
within the range between 0.9 and 1.0. After deciding on the leak type, the EOA and EOD can be

calculated for each leak.
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CHAPTER 5
EARTHQUAKE DEMAND SIMULATION

5.1 INTRODUCTION

Water supply systems are characterized by broad coverage and a high level of detail. The
broad coverage is associated with a large service area. The high level of detail is related to the
large amount of different pipelines and facilities in the system. A hydraulic network model,
which models both broad coverage and component details, will be difficult to manage and
troubleshoot. One technique for simulating a complex system is to decouple various parts of the
system, apply models with appropriate levels of complexity to each part, and integrate the
decoupled analyses to show system performance.

A water supply system typically consists of trunk and distribution systems. The trunk
system consists of large diameter trunk lines, which serve as the backbone of the system by
transporting water from sources to local areas. The distribution system consists of small
diameter distribution lines which receive water from trunk lines and distribute it to customers.
One technique to simulate a complex water supply system is therefore to decouple the trunk and
distribution systems. The response of the system can be simulated with a system-wide trunk line
model which covers the entire service area but includes only large diameter trunk lines. In the
trunk line model, the small diameter distribution lines are replaced with demand nodes. The
local response of the system can be simulated using distribution network models, which cover a
small local area but include small diameter distribution lines. Using multi-scale modeling, a
complex water supply system can be decoupled into several systems which have manageable

complexity.

The H2ONET LADWP hydraulic network model is a trunk line model that includes 2200
km of pipelines from the LADWP trunk line system ranging in diameter from 300 to 3850 mm
and replaces the remaining 9800 km of distribution pipelines as demand nodes. The trunk line

model can give an accurate prediction of flows and pressures in the trunk system if the nodal
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demands can be simulated accurately. These demands represent the aggregated demands from
the downstream distribution networks. In normal operations, the demands from the distribution
networks are known values that are relatively easy to simulate. The demands are much more

difficult to simulate after the system has sustained earthquake-induced damage.

GIRAFFE provides a method to simulate the earthquake demand associated with
distribution networks. The earthquake demands are simulated by means of fragility curves
relating demand to repair rate in local distribution networks. The repair rate is correlated with
seismic hazard parameters including peak ground velocity and permanent ground deformation.
The fragility curves were developed using distribution network simulations of the LADWP water

supply system.

5.2 METHODOLOGY

A detailed description of the development of the fragility curves for earthquake demand
simulation is provided by Shi (2006). To develop the fragility curves, five distribution networks
were selected to be representative of the roughly 30 LADWP distribution network models used
for local flow and pressure analyses. Each distribution network model covers one large pressure
zone or several small pressure zones. Figure 5.1 shows the locations of the five chosen
distribution networks. Figure 5.2 provides an expanded view of the distribution network in
pressure zone 1000, superimposed on the trunk system model. The distribution network includes
both large diameter trunk lines and small diameter distribution lines. The smallest pipelines in
the distribution networks have a diameter of 100 (4 in.) or 150 mm (6 in.), and the majority of
pipelines have diameters smaller than 300 mm (12 in.).

In distribution network simulations, pipe damage is evaluated only in the distribution
lines since trunk line damage is accounted for explicitly in the trunk system model. The pipe
damage is assumed to follow a Poisson process with a mean arrival rate equal to repair rate, RR,
and is generated using Monte Carlo simulation. Flow analysis is performed for the damaged
system and negative pressures are eliminated using the iterative approach described in Chapter 3.

Flows in trunk lines before and after damage to distribution lines are monitored, and the flows
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after damage are normalized to the flows before damage. The normalized flows provide a proxy
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for the normalized demands since water from the trunk lines is distributed by means of nodal
demands. Monte Carlo simulations were performed for RR ranging from 0.02 to 100 repairs/km
and statistical analysis is performed for RR ranging from 0.02 to 1 repairs/km, which is a typical
range for PGV-related pipeline damage.

The normalized demands, representing the increase of demands from damage to
distribution lines, are expressed as fragility curves in the format

ND=1+SxRR (5.1)
in which ND is the normalized demand, | and S are the intercept and slope of the linear

regression, respectively, and RR is the repair rate. The intercept, I, and slope, S, are further
correlated with the mean pressure, MP, of the distribution network and statistically estimated
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from the simulation data in the five distribution networks (Shi, 2006). Estimates with different

confidence levels can be obtained for the intercept, I, and slope, S.

Two simulation options are provided in GIRAFFE, mean prediction with noise terms and
90% confidence level prediction. The equation for the mean prediction with noise terms is in a

format of

ND=1+SxRR
[ +1SxMP +N(0,5,)]+[SI + SS x MP + N(0,05)]x RR

{0.9012 + 0.0036MP + N[0, (~0.0198 + 0.0015MP) |}

+{-0.877+0.0248MP + N[0, (-0.351+ 0.0094MP)||RR (5.2)

in which, 11 and IS are the intercept and slope of the intercept term, I, N(0,o,) is a Gaussian
random variable with zero mean and standard deviation of o,, SI and SS are the intercept and
slope of the slope term, S, and N(0,o;) is a Gaussian random variable with zero mean and
standard deviation og. The default values of II, IS, SI and SS used in GIRAFFE are determined

from the mean regressions on the basis of the simulation data from the five representative
distribution networks (Shi, 2006). Users have the option of changing these parameters under the

Options menu in GIRAFFE (Options | Configuration | Nodal Demand Calibration). The o, and
o, are used to simulate the variation of the mean values of the intercept, I, and slope, S, with
respect to their mean values. The o, and ogare also correlated with mean pressure, MP, and

their values are evaluated using regressions of the simulation data from the five representative

distribution networks (Shi, 2006). Users may change the default values for o,and o under the

Options menu in GIRAFFE (Options | Configuration | Nodal Demand Calibration).
The equation for the 90% confidence level prediction is in a format of

ND =1 +SxRR
=[11 + 1S x MP]+[SI +SS x MP]x RR
=(1.1412 + 0.0055MP )+ (— 0.0514 + 0.0347MP)RR (5.3)
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in which, 1l and IS are the intercept and slope of the intercept term, I, and SI and SS are the
intercept and slope of the slope term, S. The default values of I, IS, Sl and SS in GIRAFFE are
determined from the 90% confidence level regressions of the simulation data from the five
representative distribution networks (Shi, 2006). Users may change the default values for Il, IS,
SI and SS under the Options menu in GIRAFFE (Options | Configuration | Nodal Demand
Calibration).

Figure 5.3 shows the prediction of normalized demands in a pressure zone with a mean
pressure of 0.69 MPa (100 psi). From this figure, the mean estimate of demand including post-
earthquake demand from leaks and breaks for a RR equal to 1 repair/km is approximately 2.5
times the design demand, while the upper 90% confidence level estimate is roughly 5 times the

design demand.

The earthquake demand simulation is pressure zone based. The basic input parameters
are MP and RR associated with each demand node. For a demand node, MP is the average nodal
pressure in the pressure zone in which the demand node is located before system damage. The
MP can be obtained by performing a hydraulic network analysis on the undamaged system and
then conducting a statistical analysis on the nodal pressures with respect to pressure zones. The
RR represents the repair rate of the distribution lines around the demand node. For PGV-related
pipe damage, the RR is calculated using regression relationships between PGV and RR
developed from previous investigations (e.g., Jeon, 2002; Jeon and O’Rourke, 2005). The
determination of RR for a given earthquake scenario involves spatial manipulation and is
performed using GIS, which gives the RR related to each demand node as input to GIRAFFE.
The GIS procedures for determining the RR is explained in Shi (2006). Users may change the
value for RR under the Options menu in GIRAFFE (Options | Configuration | Nodal Demand
Calibration). After the determination of ND for each demand node, GIRAFFE then calculates
the demands after the earthquake by multiplying the ND by the original demands, and modifies

the system definition file by replacing the original demands with the post-earthquake demands.
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CHAPTER 6
GIRAFFE INPUTS AND OUTPUTS

6.1 INTRODUCTION

The input for GIRAFFE simulations includes control parameters and data files. The
control parameters specify the lowest pressure to be eliminated, the time length and time step to
update tank water levels, and simulation options. The input data includes files for system
definition, pipe damage generation, and earthquake demand simulation. The major outputs from
GIRAFFE simulations are hydraulic analysis results of network physical components, including
junctions, tanks, pipes, pumps, and valves, and the serviceability of the damaged system. The

input parameters and data files and the output files are introduced in this chapter.

6.2 INPUT

GIRAFFE can perform both deterministic and probabilistic simulations. For probabilistic
simulations, users can either specify the number of Monte Carlo simulation runs or let the
program determine the number of simulation runs using the self-termination algorithm built into
the code. For both deterministic and probabilistic simulations, users need to input some common
control parameters to specify the system definition file, lowest pressure to be eliminated, total

length of time to update tank water levels, and time step to update tank water levels.
6.2.1 Control Parameters

Upon starting the GIRAFFE program, a window appears prompting the user to select a
simulation option: Deterministic, Monte Carlo Fixed or Monte Carlo Flexible. Users may also

select the simulation type by clicking on the Simulations drop down menu in the toolbar. Table

6.1 lists the input control parameters that are required for each of the 3 simulation options.
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Table 6.1 GIRAFFE Control Parameters

Name Description
S Name of the EPANET system definition file with the extension
ystem ) ) )

o ) of .inp. File name may have a maximum length of 80

Definition File
characters.

Minimum Pressure limit, in psi, below which GIRAFFE eliminates the
Pressure to node and connected links from the system. The typical input is
Eliminate 0 psi for negative pressure elimination.

] ] ] Total length of simulation time in hours to update tank water
Simulation Time _ _
levels. O for steady state simulation.

Simulation Time | The time step in hours to update tank water levels. 1 for steady

Step state simulation.

6.2.2 Deterministic Simulations

If the user selects a deterministic simulation, the GIRAFFE GUI window that appears
asks the user to input the name of the file in which the pipe damage information is stored. An
example of the GUI window is shown in Figure 7.3. Table 6.2 shows the name and descriptions
of the parameter for specifying the pipe damage file. Table 6.3 shows an example of the pipe

damage file.

The pipe damage file is a tab-delimited text file. Users can use Microsoft Word, Excel,
or Notepad to construct the file and save it with the typical extension of text files, such as .inp.
Users may also create a pipe damage file via the GIRAFFE GUI for a deterministic simulation as
shown in Appendix A. The input file consists of two blocks with one storing pipe break
information and the other storing pipe leak information. The block storing pipe break
information starts with the line [Pipe_Break Information]. Users need to copy this exact line
into their input file, and not leave any space before [Pipe_Break_Information], otherwise the

program will not run correctly.
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Table 6.2 Input Parameter for Pipe Damage Generation File for Deterministic Simulations

Name Type Description

_ Name of input file for pipe damage generation. File name may
PipeBreak char _
have a maximum length of 80 characters.

Table 6.3 Input File for Pipe Damage Generation for Deterministic Simulations

[Pipe_Break Information]

PipelD PreRatio BreakRatio RepairNo BreakNo LeakNo Prelndex
22 0 0.3 3 1 0 0
22 0.6 0.9 3 2 1 0
12 0 0.5 1 1 0 0

[Pipe_Leak_Information]
PipelD LeakD PreRatio LeakRatio RepairNo BreakNo LeakNo Prelndex

22 2 0.3 0.6 3 1 1 1

The second line of the pipe damage file is a headline describing the type of values in each
column in the pipe break records that follow. It is recommended that users copy the headline

into their input file. The headline terms in the pipe break records are explained in Table 6.4.

The block storing pipe leak information starts with a line with [Pipe_Leak_Information].
Users need to copy this exact line into their input file and not leave any space before
[Pipe_Leak_Information], otherwise the program will not run correctly. The next line is a
headline describing the type of values in each column in the pipe leak records that follow. It is
recommended that users copy the headline into their input file. The headline terms in the pipe

leak records are explained in Table 6.5.
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Table 6.4 Description of Columns in Pipe Break Section

Name Type Explanation
] The ID of the pipe which users want to break. Maximum length
PipelD char
of 30 characters.
The length ratio of the previous location of pipe damage, either
PreRatio float break or leak, in the same pipeline. If the current break is the first
location of damage in the pipeline, then the PreRatio is set to 0.
BreakRatio float The length ratio of the location of the current pipe break.
) ) The total number of locations of pipe damage, including breaks
RepairNo Int ] o
and leaks, in the pipeline.
The number of locations of breaks in the upstream of the current
BreakNo int location of pipe break. The current location of pipe break is
counted.
_ The number of locations of leaks in the upstream of the current
LeakNo int _ )
location of pipe break.
The type of the previous location of pipe damage immediately
) upstream of the current break: O for leak and 1 for break. If the
Prelndex int

current break is the first location of pipe damage in the pipeline.

The Prelndex is set to O.
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Table 6.5 Description of Columns in Pipe Leak Section

Name Type Explanation
_ The ID of the pipe which users want to add the leak. Maximum
PipelD char
length of 30 characters.
LeakD float Equivalent orifice diameter of the leak with the units of inches.
The length ratio of the previous location of pipe damage, either break
PreRatio float or leak, in the same pipeline. If the current leak is the first location of
damage in the pipeline, then the PreRatio is set to 0.
LeakRatio | float The length ratio of the location of the current leak.
) _ The total number of locations of pipe damage, including breaks and
RepairNo | int ] o
leaks, in the pipeline.
_ The number of locations of breaks in the upstream of the current
BreakNo int ) )
location of pipe leak.
_ The number of locations of leaks in the upstream of the current
LeakNo int ) _ ) _ )
location of pipe leak. The current location of pipe leak is counted.
The type of the previous location of pipe damage immediately
] upstream of the current leak: O for leak and 1 for break. If the current
Prelndex int ) ] _ _ ) o _
leak is the first location of pipe damage in the pipeline. The Preindex
is set to 0.

6.2.3 Monte Carlo with Fixed Simulation Runs

If the user selects a “Monte Carlo Fixed Number” simulation, GIRAFFE will perform a

Monte Carlo simulation with a number of simulation runs specified by the user. GIRAFFE will

ask the user to input the name of the file storing information for probabilistic pipe damage

generation. A user has the option to choose to perform the earthquake demand simulation or not.

If users choose to perform the earthquake demand simulation, they need to choose between the

simulation options of mean prediction with noise terms or 90% confidence level prediction. An

example of the GUI window with inputs is shown in Figure 7.8. The parameters users need to

input (in addition to the control parameters) are listed in Table 6.6 in sequence.
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Table 6.6 Input Parameters for Monte Carlo Simulations with Fixed Simulation Times

Name Description

Name of the input file for probabilistic pipe damage
Pipe Repair Rate File generation. File name may have a maximum length of

80 characters.

Number of Simulations Monte Carlo simulation time ranging from 1 to 100

Random Seed Seed for random number generation.
Nodal Demand Option to choose to simulate the earthquake demand or
Calibration not: “Yes” for simulated and “No” for not simulated.

(If “Yes” was selected for “Nodal Demand Calibration”,
_ _ this value is required.) Options for earthquake demand
Regression Equation ] ] o ]
simulation: “Mean Prediction Plus Noise Terms” or

“90% Confidence Level Prediction”.

(If “Yes” was selected for “Nodal Demand Calibration”,
) this value is required.) Name of the input file for
Mean Pressure File )
earthquake demand assessment. File name may have a

maximum length of 80 characters.

One example of an input file for probabilistic pipe damage generation is given in Table
6.7. This file is a tab-delimited text file and users can use Microsoft Word, Excel, or Notepad to
construct the input file and save it with the extension .inp. The probabilistic pipe damage input
file starts with a headline, followed by the record of each pipeline. It is recommended that users
copy the headline to their own files. The headline terms in the pipe damage generation input file

are explained in Table 6.8.

An example of an input file for earthquake demand simulation is shown in Table 6.9.
This is also a tab-delimited text file which users can create using Microsoft Word, Excel, or
Notepad, and save as a text file with the extension .inp. The input file starts with a headline,
followed by the record of each demand node. The headline terms in the earthquake demand

simulation input file are explained in Table 6.10.
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Table 6.7 Input File for Probabilistic Pipe Damage Generation

PipelD

10
12
16
18
20
22
4
6
8

Length_km RR Material
1 1 Cl
1 1 Cl
1 1 DI
1 1 DI
1 1 CON
1 1 CON
1 1 RV
1 1 RV
1 1 STL

Table 6.8 Description of Columns in Probabilistic Pipe Damage Input File

Name

Type

Description

PipelD

char

The ID of the pipe which users want to damage. Users have to make
sure this pipe is in the system definition file otherwise the program

cannot run correctly. Maximum length 30 characters

Length

float

The length of the pipe in km. The length of each pipe can be obtained

from the system definition file.

RR

float

Pipe repair rate in repairs per kilometer of pipe length, which is
correlated with seismic hazard parameters, such as peak ground
velocity and permanent ground deformation. The determination of
repair rate for each pipeline involves spatial manipulation, which is

conducted using GIS.

Material

char

The material of the pipeline. CI: cast iron pipeline; DI: ductile iron
pipeline, RS: riveted steel pipeline; CON: concrete pipeline; STL.:
welded steel pipeline, and N/A: other types of pipelines beside the

abovementioned five types of pipeline.
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Table 6.9 Input File for Earthquake Demand Simulation

ID

CC1007
CC1043
CC1053

G_RR Ave_PRESSURE
0.15160 77.1906
0.13645 59.7064
0.11148 77.1906

Table 6.10 Description of Columns in Earthquake Demand Simulation Input File

Name

Type

Description

char

The ID of the demand node. Users have to make sure this
demand node is in the system definition file otherwise the
program cannot run correctly.  Maximum length of 30

characters.

G_RR

float

Pipe repair rate in repairs per kilometer of pipe length, which is
correlated with seismic hazard parameters, such as peak ground
velocity and permanent ground deformation. The determination
of repair rate for each pipeline involves spatial manipulation,

which is conducted using GIS.

Ave_PRESSURE

float

The average nodal pressure of the pressure zone, in which the

demand node is located.

6.2.4 Monte Carlo with Flexible Simulation Runs

If the user selects a “Monte Carlo Flexible Number” simulation, GIRAFFE will perform

a Monte Carlo simulation in which the program will automatically determine how many

simulation runs are needed as per default or user-specified convergence criteria. An example of

a GUI window with “Monte Carlo Flexible” inputs is shown in Figure 7.9. The input parameters

are similar to those for the “Monte Carlo Fixed” simulation and are shown in Table 6.11. The

pipe damage generation and demand simulation input files have the same formats as those used
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for a “Monte Carlo Fixed Number” simulation. Users can refer to Tables 6.7 to 6.10 for the

format of these input files.

Table 6.11 Input Parameters for Monte Carlo Simulations with Flexible Simulation Runs

Variable Name Explanation

] ] ) Name of input file for pipe damage generation. File
Pipe Repair Rate File )
name may have a maximum length of 80 characters.

Random Seed Seed of random number generation.

) Options to choose to simulate the earthquake demand or
Calibrate Nodal Demand ) )
not: “Yes” for simulated and “No” for not simulated.

(If “Yes” was selected for “Nodal Demand Calibration”
_ _ this value is required.) Options for earthquake demand
Regression Equation ] ] o ]
simulation: “Mean Prediction Plus Noise Terms” or

“90% Confidence Level Prediction”.

(If “Yes” was selected for “Nodal Demand Calibration”
) this value is required.) Name of the input file for
Mean Pressure File )
earthquake demand assessment. File name may have a

maximum length of 80 characters.

6.3 Definition Parameters

Besides the parameters and data files described above, the GIRAFFE code includes a
parameter definition file named as parameter_definition.h, which defines the simulation capacity,
parameters for leak simulations, and parameters for earthquake demand simulations. GIRAFFE
is configured to work with the LADWP water supply system, which represents one of the largest
water supply systems in the world. As such, GIRAFFE should have enough capacity to simulate
other water supply systems but doing so may require a change to the definition parameters. The
default parameters for leak and earthquake demand simulations are based on the best data
currently available. The parameter definition file is shown in Table 6.12 with comments on each

defined parameter. Users generally do not need to change the values of the parameters in
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parameter_definition.h. As such, these parameters are defined in the code to avoid too many
input parameters from users. Users have the ability to change many of the default parameters by
clicking on Options | Configuration in the GIRAFFE toolbar menu. Alternatively, a user can
modify the file, parameter_definition.h, by changing the number after each variable definition

and rebuilding the code to generate a new executable file.

Users may change any of these default parameters located in the toolbar menu under Options |
Configuration and then save the new system configuration. The default parameter configuration
is saved as Default.txt in the “Configuration” folder that exists in the same directory where the
GIRAFFE application is installed. To save a new configuration, click on Options | Configuration
| System Options in the GIRAFFE toolbar and a window as shown in Figure 6.1 appears. From
this window, the user can change the output folder, load an existing configuration or save an
existing configuration. Clicking on “Load Existing Configuration” will take the user to the
“Configurations” folder where they can select any saved configuration files to load. Clicking on
“Save Existing Configuration” will allow the user to save the current set of parameters that can
be defined under the Options | Configuration menu. This option allows the user to switch
between different parameter configurations quickly and easily and thus avoid having to change

parameter values between simulation runs.

] Configuration

Output Folder [T L oLl ancil  Browse

Load Existing Configuration

Save Existing Configuration

Figure 6.1 Configuration Window for System Options
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Table 6.12 Parameter Definition File

//*********************************Defining Constants * % *k*% *k*% *k*% *k*% *k*%

#define NJunction 10000 //Maximum number of junctions in a network//

#define NPipe 10000 //Maximum number of pipes in a network//

#define NLink 20000 //Maximum number of links in a network//

#define NNode 20000 //Maximum number of nodes in a network//

#define NDemandNode 1200 //Maximum number of demand nodes in a network//
#define LID 20 //Maximum number of characters for network component IDs//
#define MaxNSimu 100 //Maximum number of Monte Carlo simulations//

#define LFileName 80 //Maximum number of characters for file name and directory//
#define LLine 255 //Maximum number of characters in a line in input text files//
#define MLinktoNode 15 //Maximum number of links connected to the same node//
#define MaxNDamage 100 //Maximum number of locations of damage in a pipeline//
#define MaxLMat 3 //Maximum number of characters used to define pipe material//
#define MaxTime 10 //Maximum times to update the tank water level in a simulation//
#define MaxBreak 200 // Maximum number of breaks occurring in a network//

#define MaxLeak 1000 // Maximum number of leaks occurring in a network//

*/

[[FHFAFA IS KAk kk ke kxR ARk x Defining Parameters for Modeling Leakage* s #kkkakkkbodokkx
#define DLLeak 0.5 //Default length of an added pipe for simulating leaks//

#define DCLeak 1000000 //Default roughness coefficient of an added pipe for simulating leaks//
#define DMLeak 1 //Default minor loss coefficient of an added pipe for simulating leak//

#define BreakProCl 0.2 //Probability of pipe break, given pipe damage occurs, for cast iron pipes//
#define BreakProDI 0.2 //Probability of pipe break, given pipe damage occurs, for ductile iron pipes//
#define BreakProRS 0.2 //Probability of pipe break, given pipe damage occurs, for riveted steel pipes//
#define BreakProCON 0.2 //Probability of pipe break, given pipe damage occurs, for concrete pipes//
#define BreakProSTL 0 //Probability of pipe break, given pipe damage occurs, for welded steel pipes//

#define STLLeakRatio 0.2 //Probability of pipe leak, given pipe damage occurs, for welded steel pipes//

#define TypeltD 0.4 //Thickness of annular space for leak type 1, annular disengagement, in the units //

/I of inches; tin Eqn. 4.5//

x|

#define TypelkD 0.3 //Ratio of actual leak area to the maximum possible leak area for leak type 1, annular//

/ldisengagement; k in Eqn. 4.5//

#define Type2aD 0.5 //Opening angle of leak type 2, round crack, in the units of degrees; @in Eqn. 4.7//
#define Type3kD 480 //Length of leak type 3, longitudinal crack, in the units of inches; L in Eqn. 4.11//
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Table 6.12 Continued

#define Type3aD 0.1 //Opening angle of leak type 3, longitudinal crack, in the units of degrees; 6 in //
/[Eqgn. 4.11/1

#define TypedkD 0.05 //Ratio of the length and width of leak type 4, local loss of pipe wall, to the pipe //
/ldiameter and circumferential length, respectively; k; and k, in Eqgn. 4.15//

#define Type5kD 0.3 //Ratio of the length of leak type 5, local tear of pipe wall, to the pipe circumferential//
/llength; k in Eqgn. 4.19//

#define TypeSwD 0.5 //Width of the leak type 5, local tear of pipe wall, in the units of inches; w in Eqn. 4.19//

#define CITypelD 0.3 //Probability of leak type 1 for cast iron pipelines//

#define CIType2D 0.8 //Cumulative probability of leak types 1 to 2 for cast iron pipelines//
#define CIType3D 0.9 //Cumulative probability of leak types 1 to 3 for cast iron pipelines//
#define CIType4D 1.0 //Cumulative probability of leak types 1 to 4 for cast iron pipelines//
#define CIType5D 1.0 //Cumulative probability of leak types 1 to 5 for cast iron pipelines//

#define RSTypelD 0.6 //Probability of leak type 1 for riveted steel pipelines//

#define RSType2D 0.6 //Cumulative probability of leak types 1 to 2 for riveted steel pipelines//
#define RSType3D 0.9 //Cumulative probability of leak types 1 to 3 for riveted steel pipelines//
#define RSType4D 1.0 //Cumulative probability of leak types 1 to 4 for riveted steel pipelines//
#define RSType5D 1.0 //Cumulative probability of leak types 1 to 5 for riveted steel pipelines//

#define CONTypelD 1.0 //Probability of leak type 1 for concrete pipelines//

#define CONType2D 1.0 //Cumulative probability of leak types 1 to 2 for concrete pipelines//
#define CONType3D 1.0 //Cumulative probability of leak types 1 to 3 for concrete pipelines//
#define CONType4D 1.0 //Cumulative probability of leak types 1 to 4 for concrete pipelines//
#define CONType5D 1.0 //Cumulative probability of leak types 1 to 5 concrete pipelines//

#define DITypelD 0.8 //Probability of leak type 1 for ductile iron pipelines//

#define DIType2D 0.8 //Cumulative probability of leak types 1 to 2 for ductile iron pipelines//
#define DIType3D 0.9 //Cumulative probability of leak types 1 to 3 for ductile iron pipelines//
#define DIType4D 1.0 //Cumulative probability of leak types 1 to 4 for ductile iron pipelines//
#define DIType5D 1.0 //Cumulative probability of leak types 1 to 5 for ductile iron pipelines//

#define STLTypelD 0.0 //Probability of leak type 1 for welded steel pipelines//

#define STLType2D 0.0 //Cumulative probability of leak types 1 to 2 for welded steel pipelines//
#define STLType3D 0.0 //Cumulative probability of leak types 1 to 3 for welded steel pipelines//
#define STLTypedD 0.0 //Cumulative probability of leak types 1 to 4 for welded steel pipelines//
#define STLType5D 1 //Cumulative probability of leak types 1 to 5 for welded steel pipelines//
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Table 6.12 (Continued)

#define OtherTypelD 0.2 //Probability of leak type 1 for welded pipelines with other materials//

#define OtherType2D 0.4 //Cumulative probability of leak types 1 to 2 for pipelines with other materials//
#define OtherType3D 0.6 //Cumulative probability of leak types 1 to 3 for pipelines with other materials//
#define OtherType4D 0.8 //Cumulative probability of leak types 1 to 4 for pipelines with other materials//
#define OtherType5D 1.0 //Cumulative probability of leak types 1 to 5 for pipelines with other materials//

[[FrFFFFFIRFIRAXRFXX*RDefining Parameters for Earthquake Demand Simulation****x#kxxskkidrrdrrsrx/f
#define MiiMP 0.9012 //Intercept of the intercept term of the linear regression between normalized //
//demand and repair rate for mean regression; 11 in Eqn. 5.2//
#define MisMP 0.0036 //Slope of the intercept term of the linear regression between normalized //
//demand and repair rate for mean regression; 1S in Eqn. 5.2//
#define MsiMP 0.877 //Intercept of the slope term of the linear regression between normalized //
/l[demand and repair rate for mean regression; Sl in Eqn. 5.2//
#define MssMP 0.0248 //Slope of the slope term of the linear regression between normalized //
/l[demand and repair rate for mean regression; SS in Eqn. 5.2//
#define MiiSD -0.0198 //Intercept of the linear regression between the standard deviation of mean intercept//
/fand mean pressure; see Eqn. 5.2//
#define MisSD 0.0015 //Slope of the linear regression between the standard deviation of mean intercept//
/fand mean pressure; see Eqn. 5.2//
#define MsiSD -0.351 //Intercept of the linear regression between the standard deviation of mean slope//
/fand mean pressure; see Eqn. 5.2//
#define MssSD 0.0094 //slope of the linear regression between the standard deviation of mean slope//
/land mean pressure; see Eqn. 5.2//
#define UiiMP 1.1412 //Intercept of the intercept term of the linear regression between normalized //
//demand and repair rate for 90% confidence level regression; Il in Egn. 5.3//
#define UisMP 0.0055 //Slope of the intercept term of the linear regression between normalized //
//demand and repair rate for 90% confidence level regression; IS in Eqn. 5.3//
#define UsiMP -0.0514 //Intercept of the intercept term of the linear regression between normalized//
/l[demand and repair rate for 90% confidence level regression; SI in Eqn. 5.3//
#define UssMP 0.0347 //Slope of the intercept term of the linear regression between normalized //

/ldemand and repair rate for 90% confidence level regression; SS in Eqn. 5.3//

#define pi 3.1415926 //Constant pi//
#define mRRCap 0.02 //Lower bound of repair rate for Monte Carlo simulation, below which it is assumed //
/lthat no pipe damage occurs. The lower bound is to avoid the numerical stability //

//problems when using the Eqn. 4.20 to generation locations of pipe damage.//
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6.4 Outputs

The major outputs for GIRAFFE simulations are the hydraulic analysis results for each
type of network physical component, including junctions, tanks, pipes, pumps, and valves.
GIRAFFE also reports the serviceability of the damaged system.

6.4.1 Deterministic Simulations

The main outputs of deterministic simulations are hydraulic analysis results for junctions,
tanks, pipes, pumps, and valves, which are reported in the text files, JunctionResults_Time*.out,
TankResults_Time*.out, PipeResults_Time*.out, PumpResults_Time*.out, and
ValveResults_Time*.out, respectively. GIRAFFE also reports the serviceability of each demand
node and the entire system in the text file, Serviceability*.out. GIRAFFE saves the damaged
system in Damage_System_Time*.inp, and modified system in Modified System_Time*.inp, for
users to visualize the damaged and modified systems. In these files, the character * represents
the simulation time in the units of hours. For example, a simulation including tank level change
over 24 hours where the tank level update is set at 24 hours would have two sets of results
generated, one at time 0 and one at time 24. The Damage_System_Time0.inp represents the
system immediately after pipeline damage is added in the network. No hydraulic simulation and
negative pressure elimination are performed to the Damage_System TimeO.inp.  The
Modified_System_TimeO.inp represents the system after hydraulic simulation and negative
pressure elimination of the Damage_System_Time0.inp. The Damage_System_Time24.inp is the
Modified_System_TimeO.inp with tank water levels updated according to the simulation results at
time 0 and the time step, 24 hours. The Modified_System_Time24.inp represents the system after
hydraulic simulation and negative pressure elimination to the Damage_System_Time24.inp. The

detailed formats of these files can be found in the examples presented in Chapter 7.

6.4.2 Monte Carlo Simulations

The main outputs of the Monte Carlo simulation are system serviceability. The system

serviceability information is reported in the file, Serviceability*.out. The serviceability is
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reported in a matrix format. For each Monte Carlo simulation run, the serviceability is reported
for each demand node and for the entire system. The mean of the nodal and system
serviceability for all Monte Carlo simulation runs is also calculated and reported. GIRAFFE also
reports the results of junctions, tanks, pipes, pumps, and valves, in JunctionResults_Time*.out,
TankResults_Time*.out, PipeResults_Time*.out, PumpResults_Time*.out, and

ValveResults_Time*.out for each run of simulation.
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CHAPTER 7
GIRAFFE SIMULATION EXAMPLES

7.1 INTRODUCTION

This chapter provides an example associated with the three GIRAFFE simulation options,
which are deterministic, Monte Carlo with fixed simulation runs, and Monte Carlo simulation
with flexible runs. The water supply system used in the example is introduced in the first
subheading. The inputs and outputs associated with each of the three simulation options are

explained in the three subheadings that follow.

7.2 HYDRAULIC NETWORK MODEL

Since the LADWP hydraulic network model works with the H2ONET software, this
example applies H2ONET to construct the hydraulic network model. Detailed procedures for
constructing a hydraulic network model using H2ONET can be found in the H2ONET users
manual (MWH Soft Inc., 1999). The H2ONET hydraulic network model is then exported
directly from H2ONET to EPANET input file format. To export the H2ONET model, users
need to go to the Exchange dropdown menu in the H2ONET GUI, find the EPANET v2.0 menu,

click the Export button, and specify the directory and name of the export file.

Figure 7.1 shows the hydraulic network model with the H2ZONET GUI. The menu used
to export the H2ONET hydraulic model to an EPANET input file is also shown in this figure.
The network contains 1 reservoir with ID 1, 1 tank with ID 7, 1 pump with ID 2, 1 PRV with ID
14, and 9 pipes. Eight demand nodes are distributed around the network. Each demand node has
a demand of 100 gpm. In general, water flows from the tank and reservoir in the northwest
towards the southeast to satisfy the demands. The EPANET input file exported from H2ONET

is shown in Table 7.1. Detailed descriptions of the EPANET input file can be found in the
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Figure 7.1 Hydraulic Network Model Constructed by H2ZONET

EPANET Users Manual (Rossman, 2000). The hydraulic network exported from H2ONET can
be analyzed by the EPANET engine and the analysis results can be visualized using the GUI of
EPANET shown in Figure 7.2. In this figure, the node and link 1Ds are shown as black numbers.
The link flows in units of gpm and nodal pressures in units of foot of water height are coded

using the colors indicated in the legends.
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Table 7.1 EPANET Format System Definition File

[TITLE]
[JUNCTIONS]

3 100.000000
5 100.000000
9 100.000000
11 100.000000
13 100.000000
15 200.000000
17 100.000000
19 200.000000
[RESERVOIRS]

1 450.000000
[TANKS]

7 450.000000
[PIPES]

10 7

12 9

16 13

18 13

20 15

22 17

4 3

6 3

8 5
[PUMPS]

2 1 3
[VALVES]

14 9 13
[DEMANDS]

3 100.000000
5 100.000000
9 100.000000

11 100.000000
13 100.000000
15 100.000000
17 100.000000
19 100.000000

[CURVES]
[PATTERNS]

PATN1 1.000000
PATN1 1.000000

[STATUS]

120.000000

11
15
17
19
19

11

POWER

4.000000

1.000000
1.000000

0.000000 120.000000 30.000000
3048.00000 12.00000 100.000000
3048.00000 12.00000 100.000000
3048.00000 12.00000 100.000000
3048.00000 12.00000 100.000000
3048.00000 12.00000 100.000000
3048.00000 12.00000 100.000000
3048.00000 12.00000 100.000000
3048.00000 12.00000 100.000000
3048.00000 12.00000 100.000000

10.000000

PRV  100.000000 0.000000

1.000000 1.000000 1.000000

1.000000 1.000000 1.000000

0.000000

0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000

1.000000
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Table 7.1 Continued

[CONTROLS]
[SOURCES]
[QUALITY]

[REACTIONS]
GLOBAL BULK 0.000000
GLOBAL WALL 0.000000

[ENERGY]

[OPTIONS]

UNITS GPM

HEADLOSS H-W
VISCOSITY 1.1e-005
DIFFUSIVITY 1.3e-008
SPECIFIC GRAVITY 1.000000
TRIALS 40

ACCURACY 0.001

DEMAND Multiplier 1.000000

[REPORT]
PAGESIZE 30
STATUS NO
NODE ALL
LINK ALL

[COORDINATES]

1 140.726688 174.581772
3 169.667221 174.431972
5 169.576993 130.595466
7 207.220708 199.588372
9 207.220708 174.450158

11 207.252760 130.579090
13 241.998111 174.517132
15 241.998111 129.944774
17 280.016223 174.565669
19 280.016223 130.044299

[VERTICES]

[End]
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Figure 7.2 Hydraulic Simulation Results for Undamaged System from EPANET
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7.3 DETERMINISTIC SIMULATIONS

The hydraulic network was first analyzed deterministically by GIRAFFE. The input

parameters, data files, and output files for this deterministic simulation are described below.

7.3.1 Inputs

Figure 7.3 shows the GIRAFFE GUI window with inputs for a deterministic simulation.
The hydraulic network model, which is defined in the EPANET system definition file,
Example_L1.inp, was analyzed by GIRAFFE. The simulation time is 24 hours and the time step
to update the tank water levels is also 24 hours such that the tank water levels are updated once
after 24 hours of running. Table 7.2 shows the input file for pipe damage generation,
Pipe_Damage.inp. Three breaks occurred in this network with two breaks occurring in pipe 22
and one in pipe 12. The two breaks occurred in pipe 22 are differentiated by their different
length ratios, 0.3 and 0.9, respectively. The one break in pipe 12 occurred at the middle point of
pipe 12 with a length ratio of 0.5. One leak occurred in pipe 22 with a length ratio of 0.6 and

leak diameter of 2 inches.
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Figure 7.3 Inputs for Deterministic Simulation

Table 7.2 Input File for Pipe Damage Information for Deterministic Simulation

(Pipe_Damage.inp)

[Pipe_Break_Information]

PipelD PreRatio BreakRatio RepairNo BreakNo LeakNo Prelndex
22 0 0.3 3 1 0 0
22 0.6 0.9 3 2 1 0
12 0 0.5 1 1 0 0

[Pipe_Leak_Information]
PipelD LeakD PreRatio LeakRatio RepairNo BreakNo LeakNo Prelndex

22 2 0.3 0.6 3 1 1 1
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After GIRAFFE receives the inputs, it performs the deterministic simulation according to

the following procedures.

1)
2)

3)

4)

5)

6)
7)

8)

Damage the network and output the damaged system, Damage_System_Time01.inp.
Apply the EPANET engine to perform hydraulic network analysis to the damaged
system and the iterative approach to eliminate negative pressures or pressures below
the set threshold pressure. The elimination process continues until no negative
pressures exist in the network.

Output the system definition file, Modified_System_TimeOLl.inp, and report the results
of each type of physical component in the files, JunctionResults_TimeO.out,
TankResults_TimeO.out, PipeResults TimeO.out, PumpResults_TimeO.out, and
ValveResults_Time0.out.

Calculate the system serviceability at time 0 and report the system serviceability in
the file, ServiceabilityQ.out.

Read the TankResults_Time0.out, determine the outflow of each tank, and update the
tank water levels according to the initial tank water levels, tank cross-section areas,
tank outflows, and the time step. In this example, GIRAFFE updates the water level
of tank with ID 7 once after 24 hours of tank running.

Output the damaged system, Damage_System_Time241.inp.

Apply the EPANET engine to perform hydraulic network analysis to the system with
tank water level updated, and the iterative approach to eliminate negative pressures.
The elimination process continues until no negative pressures exist in the network.
Output the system definition file, Modified_System_Time241.inp, and report the
hydraulic simulation results of each type of physical component in the files,
JunctionResults_Time24.out, TankResults_Time24.out, PipeResults_Time24.out,

PumpResults_Time24.out, and ValveResults_Time24.out.
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9) Calculate the system serviceability at time 24 and report the system serviceability in

the file, Serviceability24.out.

7.3.3 Outputs

GIRAFFE reports two sets of simulation results, with one at time 0 and the other at time

24,

7.3.3.1 Outputs at Time 0

The Damage_System_Time0Ol.inp, shown in Table 7.3, stores the system definition
information immediately after the system damage. Comparing Tables 7.1 and 7.3 show that 1) 1
junction with ID A1J22 is added in the [JUNCTION] section to model the pipe leak in pipe 22; 2)
7 reservoirs, with IDs A1R22, A2R22, A3R22, A4R22, A5R22, A1R12, and A2R12 are added in
the [RESERVOIR] section to model the two breaks in pipe 22, 1 leak in pipe 22, and 1 break in
pipe 12; 3) the original pipe 22 in the [PIPES] section is replaced with pipes A1022, A2022,
A3022, and A4022 because of the three locations of damage, including two breaks and one leak,
occurred in this pipe; 4) the original pipe 12 in the [PIPES] section is replaced with pipes A1012
and A2012 because one break occurred in the pipeline; and 5) One pipe A1L22 is added in the
[PIPES] section to model the leak occurred in pipe 22. Users can use the EPANET GUI to

visualize the damaged system as shown in Figure 7.4.

The Modified_System_TimeOl.inp stores system definition information after the
GIRAFFE analysis of the Damage_System_Time0OLl.inp. In this system, the negative pressure
nodes and connected links have been eliminated in sequence. This system can be visualized
using the EPANET GUI, as shown in Figure 7.5. This figure shows that node 19 and the
connected pipes, 20 and A4022, are eliminated because of the negative pressure. Node A1J22
and the connected pipes, A2022, A3022, and A1L22, are also eliminated.
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Table 7.3 Damaged System at Time 0 (Damage_System_Time01.inp)

[TITLE]

[JUNCTIONS]
AL1J22 160

3 100.000000
5 100.000000
9 100.000000
11 100.000000
13 100.000000
15 200.000000
17 100.000000
19 200.000000

[RESERVOIRS]

A1R22 130

A2R22 130

A4R22 190

A5R22 190

ALR12 100

A2R12 100

A3R22 160

1 450.000000

[TANKS]

7 450.000000  120.000000  0.000000 120.000000  30.000000 0.000000
[PIPES]

Al022 17 ALR22  914.4 12 100 1 cv
A3022  AL}22 A4R22 9144 12 100 1

A4022 19 A5R22  304.8 12 100 1 cv
A1012 9 AIR12 1524 12 100 1 cv
A2012 11 A2R12 1524 12 100 1 cv
A2022  ALI22 A2R22 9144 12 100 1 cv
ALL22 A1122 A3R22 05 2 1e+006 1 cv
10 7 9 3048.00000 12.00000 100.000000  0.000000

16 13 15 3048.00000 12.00000 100.000000  0.000000

18 13 17 3048.00000 12.00000 100.000000  0.000000

20 15 19 3048.00000 12.00000 100.000000  0.000000

4 3 5 3048.00000 12.00000 100.000000  0.000000

6 3 9 3048.00000 12.00000 100.000000  0.000000

8 5 11 3048.00000 12.00000 100.000000  0.000000
[PUMPS]

2 1 3 POWER 10.000000

[VALVES]

14 9 13 4.000000 PRV~ 100.000000  0.000000

[DEMANDS]

3 100.000000

5 100.000000

9 100.000000
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Table 7.3 Continued

11 100.000000
13 100.000000
15 100.000000
17 100.000000
19 100.000000

[CURVES]

[PATTERNS]
PATN1 1.000000 1.000000 1.000000
PATN1 1.000000 1.000000 1.000000

[STATUS]
A3022 Closed

[CONTROLS]
[SOURCES]
[QUALITY]

[REACTIONS]
GLOBAL BULK 0.000000
GLOBAL WALL 0.000000

[ENERGY]

[OPTIONS]

UNITS GPM

HEADLOSS H-W

VISCOSITY 1.1e-005
DIFFUSIVITY 1.3e-008
SPECIFIC GRAVITY 1.000000
TRIALS 40

ACCURACY 0.001

DEMAND Multiplier 1.00000011

[REPORT]
PAGESIZE 30
STATUS NO
NODE ALL
LINK ALL

[COORDINATES]

ALR22 284.468 163.435

A2R22 284.468 158.983

A4R22 284.468 136.723

ABR22 284.468 132.27

ALR12 211.622 154.711

A2R12 211.625 150.324

ALJ22 280.016 147.853

A3R22 284.468 147.853

1 140.726688 174581772

1.000000
1.000000

1.000000
1.000000

1.000000
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Table 7.3 Continued

3 169.667221 174.431972
5 169.576993 130.595466
7 207.220708 199.588372
9 207.220708 174.450158
11 207.252760 130.579090
13 241.998111 174.517132
15 241.998111 129.944774
17 280.016223 174.565669
19 280.016223 130.044299
[VERTICES]
A1022 280.016 163.435
A3022 280.016 136.723
A4022 280.016 132.27
A1012 207.235 154.708
A2012 207.238 150.321
A2022 280.016 158.983
[End]
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Figure 7.5 Simulation Results at Time 0

The detailed hydraulic simulation results associated with each type of component,
including junctions, tanks, pipes, pumps, and valves, are shown in Tables 7.4 to 7.8. In these
tables, only the results for the components in the original system are listed such that these data
files can be linked into GIS for map presentations. The results of the eliminated components due
to negative pressures or connectivity problems are set to 0. Figure 7.6 shows the simulation
results in a GIS map. The GIS shapefiles of junctions, tanks, pipes, pumps, and valves are
directly exported from the H2ONET software. By linking the simulation results for each type of
the physical component with the corresponding GIS shapefile, it is possible to visualize the

unsatisfied demands and the pipes unable to transport water.
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Table 7.4 Junction Results at Time 0

Node_ID Demand_gpm Head ft
3 100 454,92
5 100 307.92
9 100 278.8
11 100 168.05
13 100 278.8
15 100 278.62
17 100 163.86
19 0 0

Pressure_psi
153.79
90.09
77.47
29.49
77.47
34.07
27.67

0

Table 7.5 Tank Results at Time 0

Tank_ID Demand_gpm Head_ft Pressure_psi
1 -8036.31 450 0
7 -5459.8 570 52
Table 7.6 Pipe Results at Time 0
Pipe_ID Flow_gpm Velocity_fps Headloss_/1000ft
10 5459.8 15.49 95.54
12 0 0 0
16 100 0.28 0.06
18 3305.09 9.38 37.71
20 0 0 0
22 0 0 0
4 3774.68 10.71 48.23
6 4161.63 11.81 57.78
8 3674.68 10.42 45.89

Table 7.7 Pump Results at Time 0

Pump_ID Flow_gpm Velocity_fps
2 8036.31 0

Headloss_/1000ft
-4.92

Table 7.8 Valve Results at Time 0

Valve_ID Flow_gpm Velocity_fps
14 3505.09 9.94

Headloss_/1000ft
0

Table 7.9 Serviceability at Time 0

Node_ID Demand 1

3 100 100
5 100 100
9 100 100
11 100 100
13 100 100
15 100 100
17 100 100
19 100 0
Sum 0.875

Node_Serviceability

ORRPRRPEPRRRE

0.875
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Figure 7.6 GIS Map for GIRAFFE Simulation Results at Time 0

7.3.3.2 Outputs at Time 24

The Damage_System_Time241.inp stores the system definition information at a time 24
hours after updating the tank water level. The Modified_System_Time241.inp stores the system
definition information after GIRAFFE simulation of the Damage_System_Time241.inp. The
final simulation results at time 24 can be visualized using the EPANET GUI as shown in Figure
7.7. This figure shows that tank 7 is depleted after 24 hours of running and therefore, there is no
water flowing from this tank. All water flow in this network is supplied by reservoir 1. After the
depletion of tank 7, negative pressure occurred at nodel5 and thus this node and the connected
pipe 16 were eliminated. The system serviceability dropped from 0.875 to 0.75 due to the
unsatisfied demand at node 16. The simulation results associated with each component, and the
serviceability of each demand node and the entire system are shown in Tables 7.10 to 7.15.

These simulation results can also be linked into a GIS.
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Figure 7.7 Simulation Results at Time 24
Table 7.10 Junction Results at Time 24
Node ID Demand_gpm Head ft Pressure_psi
3 100 454.27 153.5
5 100 307.53 89.92
9 100 168.69 29.76
11 100 167.92 29.43
13 100 168.69 29.76
15 0 0 0
17 100 138.36 16.62
19 0 0 0
Table 7.11 Tank Results at Time 24
Tank_ID Demand_gpm Head_ft Pressure_psi
1 -9273.55 450 0
7 0 450 0
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Table 7.12 Pipe Results at Time 24

Pipe_ID Flow_gpm Velocity fps Headloss_/1000ft

10 0 0 0

12 0 0 0

16 0 0 0

18 1609.71 4.57 9.95

20 0 0 0

22 0 0 0

4 3770.99 10.7 48.14

6 5402.57 15.33 93.69

8 3670.99 10.41 45.8
Table 7.13 Pump Results at Time 24

Pump_ID Flow_gpm Velocity_fps Headloss_/1000ft
2 9273.55 0 -4.27

Table 7.14 Valve Results at Time 24

Valve_ID Flow_gpm Velocity_fps Headloss_/1000ft

14 1709.71 4.85 0
Table 7.15 Serviceability at Time 24

Node_ID Demand 1 Node_Serviceability

3 100 100 1

5 100 100 1

9 100 100 1

11 100 100 1

13 100 100 1

15 100 0 0

17 100 100 1

19 100 0 0

Sum 0.75 0.75

7.4 Monte Carlo with Fixed Simulation Runs

Figure 7.8 shows the GIRAFFE GUI window with inputs for the Monte Carlo simulation

with fixed simulation times. The same hydraulic network as shown in last section was analyzed

by GIRAFFE.

Ten Monte Carlo simulations were performed.

The earthquake demand

associated with the distribution network damage is simulated using the 90% confidence level

prediction.

assumed that each pipe has a RR = 1 repair/lkm in this example.

The input file for pipe damage generation, rr.inp, is shown in Table 7.16.
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The input file,




Node_Pressure.inp, for earthquake demand simulation is shown in Table 7.17. It is assumed that

the distribution network has a RR =1 repair/km around each demand node.

@ Giraffe ¥ersion 4.0 - [Monte Carlo Simulation - Fized Number]
8l File Simulations Options  Giraffe - g3 x
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Figure 7.8 Inputs for Monte Carlo Simulation with Fixed Simulation Runs

It is further assumed that the network is divided into two pressure zones, one upstream of
pressure reducing valve 14, including junctions 3, 5, 9, and 11, and the other downstream of
pressure reducing valve 14, including junctions, 13, 15, 17, and 19. The mean pressure of each
pressure zone is calculated by averaging the pressures at the junctions inside the pressure zone
for the undamaged system and then the mean pressure is assigned to each demand node inside
the pressure zone. The pressure at each junction for the undamaged system is shown in Figure
7.2.

GIRAFFE analyzes the network following to the same procedures described in Section
7.3.2 for ten simulation runs. GIRAFFE saves the damaged system definition file,

Damage_Info_Dert*.inp, and the component results for each Monte Carlo simulation run. The
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files associated with each simulation run are bundled in separate folders and saved with a similar
naming convention as that used in the deterministic simulation. The damaged system and
modified system files are appended with a number indicating which simulation run they are
associated with, e.g. Damage System_Time09.inp is the damaged system file at time O for
simulation run 9, and Modified_System_Time245.inp is the modified system file at time 24 for
simulation run 5. Table 7.18 shows the damaged system for the last Monte Carlo simulation at
time 0. Comparing Tables 7.3 and 7.18 shows that the demand in Table 7.18 is different. The
demands at nodes 3, 5, 9, and 11, are changed from 100 gpm to 921 gpm and the demands at
nodes 13, 15, 17, and 19, are changed from 100 gpm to 422 gpm. The increased demands are

associated with water loss from damage to distribution networks around the demand nodes.

Table 7.16 Pipe Damage Input File for Monte Carlo Simulation with Fixed Simulation Runs

(rr.inp)
PipelD Length_km RR Material
10 1 1 Cl
12 1 1 Cl
16 1 1 DI
18 1 1 DI
20 1 1 CON
22 1 1 CON
4 1 1 RV
6 1 1 RV
8 1 1 STL

Table 7.17 Input File for Simulating Earthquake Demand for Monte Carlo Simulation with
Fixed Simulation Runs (Node_Pressure.inp)

ID G_RR Ave_PRESSURE
3 1 202

5 1 202

9 1 202

11 1 202

13 1 78

15 1 78

17 1 78

19 1 78

The increased demands are calculated using Eqn. 5.3 and the appropriate values for RR and MP.
Because the mean pressure of nodes 3, 5, 9, and 11 is much higher than that of nodes 13, 15, 17

and 19, the post-earthquake demands at nodes 3, 5, 9, and 11 are much higher than that at nodes,
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13, 15, 17 and 19. GIRAFFE reports the system serviceability at two time points, times 0 and 24,
in files Serviceability0.out and Serviceability24.out, respectively. These files are shown in
Tables 7.19 and 7.20. These tables show that the system serviceability is reported in a matrix
format. For each Monte Carlo simulation, the serviceability is reported for each demand node
and for the entire system. The mean of the nodal and system serviceability for all Monte Carlo

simulations is also calculated and reported.

Table 7.18 Damaged System for the Last Run of Monte Carlo Simulation at Time 0.

[TITLE]

[JUNCTIONS]

3 100.00000
5 100.00000
9 100.00000
11 100.00000
13 100.00000
15 200.00000
17 100.00000
19 200.00000
A1J6  100.00000
A1J10 445.01920
ALJ12 100.00000
A2J12  100.00000

[RESERVOIRS]

1 450.00000
ALR6  100.00000
A1R10 445.01920
A1R12 100.00000
ALR18 100.00000
A2R12 100.00000
A2R18 100.00000

[TANKS]
7 450.000000  120.000000  0.000000 120.000000  30.000000 0.000000
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Table 7.18 Continued

[PIPES]

4 3 5 3048.00000 12.00000 100.00000 0.00000
8 5 11 3048.00000 12.00000 100.00000 0.00000
16 13 15 3048.00000 12.00000 100.00000 0.00000
20 15 19 3048.00000 12.00000 100.00000 0.00000
22 17 19 3048.00000 12.00000 100.00000 0.00000
A106 3 All6  963.56244 12.00000 100.00000 0.00000
AlL6 ALl6 ALR6 0.50000 1.58533 1000000.00000 1.00000 CV

A206 AL6 9 2084.43750 12.00000 100.00000 0.00000
A1010 7 ALJ10 43.37563 12.00000 100.00000 0.00000
A1012 9 ALJ12 2369.45337 12.00000 100.00000 0.00000
A1018 13 ALR18 2387.31592 12.00000 100.00000 1.00000 CV
ALIL10 A1J10 ALRI10 0.50000 1.58533 1000000.00000 1.00000 CV

AlL12 AlJ12 AILRI12 0.50000 1.20000 1000000.00000 1.00000 CV

A2010 ALJ10 9 3004.62427 12.00000 100.00000 0.00000
A2012 ALJ12 A2J12 646.33081 12.00000 100.00000 0.00000
A2018 17 A2R18 660.68408 12.00000 100.00000 1.00000 CV
A2L12 A2J12 A2RI12 0.50000 1.58533 1000000.00000 1.00000 CV

A3012 A2J12 11 32.21569 12.00000 100.00000 0.00000
[PUMPS]

2 1 3 POWER 10.000000

[VALVES]

14 9 13 12.000000 PRV  100.000000  0.000000
[DEMANDS]

3 921.01996

5 921.01996

9 921.01996

11 921.01996

13 422.53998

15 422.53998

17 422.53998

19 422.53998

[CURVES]

[PATTERNS]

PATN1 1.000000 1.000000 1.000000 1.000000 1.000000
PATN1 1.000000 1.000000 1.000000 1.000000 1.000000

[STATUS]

[CONTROLS]

[SOURCES]

1.000000
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Table 7.18 Continued

[QUALITY]

[REACTIONS]
GLOBAL BULK 0.000000
GLOBAL WALL 0.000000

[ENERGY]

[OPTIONS]

UNITS GPM

HEADLOSS H-W
VISCOSITY 1.1e-005
DIFFUSIVITY 1.3e-008
SPECIFIC GRAVITY 1.000000

TRIALS 40
ACCURACY 0.001

DEMAND Multiplier 1.000000
[REPORT]

PAGESIZE 30

STATUS NO

NODE ALL

LINK ALL

[COORDINATES]

1 140.7267 1745818
3 169.6672 174.4320
5 169.5770 130.5955
7 207.2207 199.5884
9 207.2207 174.4502
11 207.2528 130.5791
13 241.9981 1745171
15 241.9981 129.9448
17 280.0162 174.5657
19 280.0162 130.0443
ALJ6  181.5390 174.4377
ALR6 181.5372 181.9484
ALJ10 207.2207 199.2306
ALJ12 207.2456 140.3457
ALRI10 207.2207 204.2583
AIR12 211.6327 140.3521
AIR18 269.8697 178.3545
A2J12 207.2524 131.0428
A2R12 211.6395 131.0492
A2R18 273.6715 178.3594
[VERTICES]

A1018 269.8745 174.5527
A2018 273.6763 1745576
[END]
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Table 7.19 Serviceability of Monte Carlo Simulation with Fixed Simulation Times at Time 0

(Serviceability0.out)

Node ID Demand 1 2 3 4 5 6 7 8 9 10 Node_Serviceability
3 100 100 100 100 100 100 100 100 100 100 100 1

5 100 O 100 100 100 100 100 100 100 100 100 0.9

9 100 100 100 100 100 100 100 100 100 100 100 1

11 100 100 100 100 100 100 100 100 100 100 100 1

13 100 100 100 100 100 100 100 100 100 100 100 1

15 100 O 0 100 O 100 O 0 0 0 100 0.3

17 100 O 100 100 O 100 100 100 100 100 O 0.7

19 100 O 0 100 0 100 O 0 0 0 0 0.2

Sum 05 075 1 0.625 1 075 075 0.75 0.75 0.75 0.7625

Table 7.20 Serviceability of Monte Carlo Simulation with Fixed Simulation Times at Time 24

(Serviceability24.out)

Node ID Demand 1 2 3 4 5 6 7 8 9 10 Node_Serviceability
3 100 100 100 100 100 100 100 100 100 100 100 1

5 100 0 100 100 100 100 100 100 100 100 100 0.9

9 100 100 100 100 100 100 100 100 100 100 100 1

11 100 100 100 100 100 100 100 100 100 100 100 1

13 100 100 100 100 100 100 100 100 100 100 100 1

15 100 0 0 100 O 100 O 0 0 0 0 0.2

17 100 0 100 100 O 100 100 100 100 O 0 0.6

19 100 0 0 100 O 0 0 0 0 0 0 0.1

Sum 05 075 1 0.625 0.875 0.75 0.75 0.75 0.625 0.625 0.725

7.5 Monte Carlo with Flexible Simulation Runs

Figure 7.9 shows the GIRAFFE GUI window with inputs for the Monte Carlo with
flexible simulation runs. The same hydraulic network as shown in the previous section was
analyzed by GIRAFFE. The earthquake demand associated with the distribution network
damage is simulated using the 90% confidence level prediction. The input files, rr.inp, for pipe
damage generation and, Node_Pressure.inp, for earthquake demand simulation are the same as

those shown in Tables 7.16 and 7.17, respectively.
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@ Giraffe ¥ersion 4.0 - [Monte Carlo Simulation - Flexible Number]
8l File Simulations Options  Giraffe

B[S

=

x

System Definition File
Minimum Pressure to Eliminate (psi)
Simulation Time {hr)

Simulation Time Step (hr)

Pipe Repair Rate File
Random Seed

Calibrate Nodal Demand
Regression Equation

Mean Pressure File

Fragilities of Water
Supply Facilities

Dane.

Information for Monte Carlo Simulation - Flexible Number

I[::\Prngram Files (x86)\Cornell University',Giraffe',E Browse |

Il]
|24
Generate Pipe
Repair Rate and
|24 Mean Pressure Files

IC:\Program Files (x86) Cornell University' Giraffe'.E Browse |

IQI]% Confidence In -I

|[::\Program Files (x86)\Cornell University", Giraffe\E Browse |

Run
Simulation

Sucessful Simulation O

Figure 7.9 Inputs for Monte Carlo Simulation with Flexible Simulation Times

The system serviceability is reported in Tables 7.21 and 7.22 for times 0 and 24,
The

calculations of the mean and COV of the system serviceability for the first 15 and the total 20

respectively. These tables show that 20 Monte Carlo simulations were performed.

simulations show that the difference of the mean and COV from the two sets of simulations is
less than 0.02. Thus the program terminated after 20 simulations using its self-termination

Results E|

- Successful Run!
\]}) Murmber of Sirmulation: z0
Convergence Criteria
Mean: 0.02000 COYs 0,02000

Resulks
Mean: 0.00833 COMy 001212

Figure 7.10 Pop-Up Window with Results
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algorithm. As shown in Figure 7.10, the number of simulations and associated convergence
criteria appears in a pop-up window upon completion of the GIRAFFE run. By comparing
Tables 7.19 with 7.21, and Table 7.20 with 7.22, it is found that the system serviceability of the
first ten simulations is same for the two simulation options. This is because these two

simulations used the same seed to generate random numbers.
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Table 7.21 Serviceability of Monte Carlo Simulation with Flexible Simulation Runs at Time 0

Node_ID Demand 1

3
5
9
11
13
15
17
19

Sum

100
100
100
100
100
100
100
100

100
0
100
100
100
0
0
0

0.5

2 3

100 100
100 100
100 100
100 100
100 100
0 100
100 100
0 100

075 1

100
100
100
100
100
0
0
0

100
100
100
100
100
100
100
100

0.6251

6

100

100

100

100

100
0

7

100
100
100
100
100
0

100 100

0

0

8

100
100
100
100
100
0

100
0

9

100
100
100
100
100
0

100
0

10

100
100
100
100
100
100
0

0

11

100
0
100
0
100
0
100
0

0.75 0.75 0.75 0.75 0.75 0.5

12

100

100
100
100
0
0
0

0.5

13

100
100
100
100
100
0
0
0

14

100
100
100
100
100
0

100

0

15

100
100
100
100
100
0

100
0

16

100
100
100
100
100
0

0

0

17

100
0
100
100
100
0
0
0

0.625 0.75 0.75 0.6250.5

18

100
100
100
100
100
0
0
0

19

100
100
100
100
100
0

100
0

20

100

100

100

100

100
0
100
0

0.625 0.75 0.75

Node_Serviceability

1
0.8
1
0.95
1
0.15
0.6
0.1

0.7

Table 7.22 Serviceability of Monte Carlo Simulation with Flexible Simulation Runs at Time 24

Node_ID Demand 1

3
5
9
11
13
15
17
19

Sum

100
100
100
100
100
100
100
100

2 3

100 100 100

0
100
100
100
0
0
0

0.5

100 100
100 100
100 100
100 100
0 100
100 100
0 100

0751

4

100
100
100
100
100
0
0
0

5

100
100
100
100
100
100
100
0

6

100
100
100
100
100
0

100
0

7

100
100
100
100
100
0

100
0

8

100
100
100
100
100
0

100
0

9

10

100 100
100 100
100 100
100 100
100 100

0
0
0

0
0
0

11

100
0
100
0
100
0
100
0

12

100

100
100
100
0
0
0

0.6250.8750.750.75 0.75 0.6250.6250.5 0.5

13

100
100
100
100
100
0
0
0

0.6250.625 0.75 0.625 0.5

14

100
0
100
100
100
0
100
0

15

100
100
100
100
100
0

100

0

16

100
100
100
100
100
0
0
0

17

100
0
100
100
100
0
0
0

18

100
100
100
100
100
0
0
0

19

100
100
100
100
100
0

100
0

20

100
100
100
100
100
0

100
0

0.6250.75 0.75

Node_Serviceability

1
0.75
1
0.95
1
0.1
0.55
0.05

0.675
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APPENDIX A
GIRAFFE QUICK START TUTORIAL

A.l1 INTRODUCTION

This appendix provides a quick start tutorial on how to use GIRAFFE. The quick start
tutorial will help first-time users become familiar with the core set of GIRAFFE features and
should be used as alaunching point to a more comprehensive understanding of GIRAFFE. Users
are expected to have some knowledge of how to use the hydraulic network anaysis software
packages H2ZONET and EPANET before starting to use GIRAFFE. Users can obtain this
knowledge from the H2ONET Users Manual (MWH Soft, Inc., 1999) and the EPANET Users
Manual (Rossman, 2000).

A.2 INSTALLING SOFTWARE

If the Microsoft Install Wizard does not automatically start upon inserting the GIRAFFE
instalation CD into your computer’s CD drive, open the CD folder in Windows Explorer and
double click on Install_Giraffev4.1.exe. This will automatically install GIRAFFE Version 4.1,
EPANET 2.0, Microsoft.NET Version 2.1, and a Matlab component. The default folder for
GIRAFFE is C:\Program Files\Cornell University\Giraffe. After installing GIRAFFE, select
this item from the Start menu and then double click on the Giraffe.exe icon in the GIRAFFE
program folder to launch the program. The current version of GIRAFFE operates via a graphical
user interface (GUI). When the user clicks the “Generate Pipe Repair Rate and Mean Pressure
Files’ button (see Appendix C, Section 2) in the Monte Carlo Fixed or Flexible simulations in
GIRAFFE interface, the stochastic damage tool will be installed in C:\Program Files\Cor nell
University\Appendix B.

For Windows XP Professional x64 Edition, the GIRAFFE application will beinstalled in
the 32-bit directory, C:\Program Files (x86)\Cornell University\Giraffe, and the stochastic
damage tool (see Appendix C, Section 2) will be installed in the 64-bit directory, C:\Program
Files\Cornell University\Appendix B, when the user clicks the “ Generate Pipe Repair Rate and
Mean Pressure Files’” button in the GIRAFFE interface.



A3 EXAMPLE NETWORK

Since the LADWP hydraulic network model works with the H2ONET software, this
example aso uses H2ZONET to construct the hydraulic network model. Detailed procedures for
constructing a hydraulic network model using H20ONET can be found in H20ONET Users Manual
(MWH Soft, Inc., 1999). Figure A.1 shows the hydraulic network model constructed using
H20ONET with component identifications (IDs) indicated as black characters and nodal demands
indicated as red numbers.

The network contains 8 junctions with IDs 3, 5, 9, 11, 13, 15, 17, and 19, respectively.
All the junctions have an elevation of 100 ft, except junctions 15 and 19, which have an
elevation of 200 ft. The network contains 9 pipes with IDs, 4, 6, 8, 10, 12, 16, 18, 20, and 22,
respectively. All pipes have a length of 3048 ft, diameter of 12 in., and roughness coefficient of
100. Thereis one reservoir with ID 1, one tank with ID 7, one pump with ID 2, and one PRV
with ID 14 in the network. The reservoir has a hydraulic grade of 450 ft. The tank is a cylinder
tank with a diameter of 30 ft, maximum water level of 120 ft, minimum water level of O ft, and
bottom elevation of 450 ft from the datum. The tank is assumed to be full at the beginning of
simulation time. The pump is a constant power pump, which supplies a power of 10 kw-hours.
The valve is a pressure reducing valve with a pressure setting of 100 psi. Eight demand nodes
are distributed around the network. Each demand node has a demand of 100 gpm.

Three simulations are performed to the network using GIRAFFE: deterministic, Monte
Carlo with a fixed number of simulation runs, and Monte Carlo with a flexible number of
simulation runs. For a deterministic simulation, GIRAFFE adds damage to the network
deterministically and then performs a hydraulic analysis on the damaged network. For Monte
Carlo with fixed simulation runs, users specify the number of Monte Carlo ssimulations to be

performed. For Monte Carlo with flexible simulation runs, GIRAFFE determines how many
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Figure A.1 Hydraulic Network Model Constructed by H2ZONET

Monte Carlo simulations need to be performed to have statistically significant simulation results
using a built-in self-termination algorithm. The self-termination algorithm is explained in the
main text of the GIRAFFE Users Manua and Shi (2006). In each Monte Carlo simulation,

GIRAFFE damages the system probabilistically and then anal yzes the damaged network.

A4 DETERMINISTIC SIMULATIONS

Step 1: Export EPANET File
GIRAFFE works with the EPANET format system definition file, which can be exported
from H20ONET directly. To export the HZONET model into EPANET format file:
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Figure A.2 Export H2ZONET Model to EPANET Format File

e Click the Run Manager button at the bottom of the H2ZONET GUI as shown in Figure
A.2. A Run Manager dialogue box will appear.

e Click the Report Option button in the Run Manager dialogue box. A Report Option
dialogue box will appear.

e Uncheck the No Node Report and No Link Report text boxes and then click the OK
buttons to close the Run Manager and Report Option dialogue boxes. If these two
boxes have already been unchecked, leave them unchecked and close the Run Manager
dialogue box and Report Option dialogue box.

e Go to the Exchange | EPANET v2.0 | Export menu in the top of H2ZONET GUI, specify

the directory and name of the export file, and then click Export button. In this example,

the EPANET fileis saved as Example_1.inp in the accompanying Users Manua CD.



Step 2: Check EPANET File

It is important to double check that the EPANET format file can be analyzed by the
EPANET engine. The EPANET format file, Example_1.inp, is shown in Table A.1. In generd,
the EPANET file needs to include the following sections.

e Section[TITLE]

e Sections defining physica components in the hydraulic network, including
[JUNCTIONS], [RESERVOIRS], [TANKS], [PIPES], [PUMPS], and [VALVES].

e Sections defining operational components, including [DEMANDS], [CURVESY,
[PATTERNS], [STATUS], and [CONTROLS]

e Sections defining water quality simulation parameters, including [SOURCES],
[QUALITY], and [REACTIONS].

e Sections defining simulation and report options, including [ENERGY], [OPTIONS], and
[REPORT]. Users need to make sure that the report option for node and link is“ALL”.

e Sections defining the locations of network components, including [COORDINATES] and
[VERTICES].

e Section [End]

It is possible that there are no records in some sections. In this case, users still need to
keep the title of that section. It is recommended that users load the EPANET file into EPANET
to verify that the file can be analyzed by EPANET. To load the file into EPANET and run the

file

e GotoFile|Import | Network menuinthe EPANET GUI as shown in Figure A.3.
e Browseto thefile, Example_l.inp, and click it to load it into EPANET.

e Click Project | Run Analysis menu.

A message box will pop up to report the Run Status. If it reports “Run was successful” as
shown in Figure A.3, then EPANET could analyze the file and it can be analyzed further in
GIRAFFE. If the run was unsuccessful, EPANET will report error messages. Users need to



correct the errors in the .inp file following directions given by the error messages. Due to severa
incompatibilities between EPANET and H20NET, the input file may have errors regarding
H20NET control features that are not supported by EPANET. Modifications should be made
within the H20NET model to rectify these errors, and then the new file can be exported as an

input file.

Note to LADWP:

Adjustments were made in the LADWP-Cornell model to eliminate approximately 400 negative
pressure nodes. Thiswas accomplished by decreasing the node elevations such that the nodal
pressures were increased to 5psi. Most elevation adjustments were less than 10 ft. From a
comparison standpoint, it is recommended you make these adjustments for consistency between
models. After performing a simulation within H20Net, look at the output pressures for all nodes,
and copy all negative pressure nodes into excel (copy Nodel D, Output Elevation, Output Grade
and Output Pressure for each). For each negative pressure node create a column called “New
Elevation” and perform the following calculation to find what the new elevation would need to

be to create anodal pressure of 5psi:

Output Elevation (ft) — [5 — Ouptut Pressure (psi)] * 2.3067 ft/psi

Within the H20Net model, go to “Edit Database Tables” and replace node elevations with these
new elevation values. Rerun the ssmulation and double check that there are no longer any

negative pressure nodes.

Table A.O lists modifications that were made to various control features that either contained
typographical errors or were not compatible with EPANET. All pipe flows and node pressures
were checked after these modifications and results were either identical to or within 1% of the

origina values.



Table A.0. Control Modifications

FCV TCV
CC7090 Control CC6420 Curves 35
CC7110 CC7230
CC7210 CC7240 Control
CC7380 CC7290
GH7250 CC7300 Curves 10000
GH7310 CC7330 Curves 4.2209091
GH7320 CC7340 Curves 261.818|Disable Control
H6170 CC7350 Curves 10000
HP6060 Control GH7020
MW6140 Control GH7040
SY6330 GH7370
VF6270 Control HH6200
VF6280 Control HH6210
VF6290 Control HH6280 Curves 0.25
VF6380 MW6070 Curves 0.25|Setting 556
VF6390 MW6410 Control+Curves| 63.360108
VF6400 MW6420 Curves 0.25
VF6830 Control MW6430 Curves 656.92|Setting 0
VF6840 Control VF6580
VF6910 VF6730
VF6930 VF6850 Curves 888|Setting 0
VF6940 VF7102
VF6960 Control VF7112
VF6970 VF7122
WS6960 Control VF7132
WS7210 WS7100 Curves 597.2|Setting 0
WS7120 Curves 0.25
Curves WS7150 Curves 597.2|Setting 0
VF101 delete last row WS7170 Curves 0.25
Mw17 delete first row WS7180 Curves 0.25
WS7190 Curves 0.25
Link WS7250 Curves 597.2|Setting 0
EH656 initial status WS7260 Curves 597.2|Setting 0
GH824
Tanks Fixed Head Reservoir
CC4220 Curves: starting from 0 VF5690
MW4100 Curves: starting from 0 VF4180
HP4030 Curves: starting from 0 VF4010
HP4060 Curves: starting from 0
Misc.

Remove Secondary demand pattern at HH775




Table A.1 EPANET Format File Exported from H2ONET

[TITLE] ' Headline added by the author to help users

[JUNCTIONS] understand the meaning of the parameters. Must

IND  Elevation(ft)  Pattern//<z---* not have headlines when loading the fileinto

3 100.000000 >, EPANET or analyzing it using GIRAFFE

5 100.000000 . .
9 100.000000

11 100.000000
13 100.000000
15 200.000000
17 100.000000
19 200.000000

[RESERVOIRS] .2 Headline |

/D Head(ft)/ = =~~~ 77777

1 450.000000 mmmmmmmem- -
' Headline !

[TANKS] e

IND Elev(ft) InitialLevel(ft) MinLevel(ft) MaxLevel(ft) Dia.(ft) MinVol(ft®) VolCurvel/

7 450.000000 120.000000 0.000000 120.000000  30.000000 0.000000 ___________

[PIPES] . % _ljl_e_ag_l I_I’_]?_ i

/1D FromNode ToNode Length(ft) Diameter(in) Roughness MinorLoss  CheckValvel//

10 7 9 3048.00000 12.00000  100.000000 0.000000

12 9 11 3048.00000 12.00000  100.000000 0.000000

16 13 15 3048.00000 12.00000  100.000000 0.000000

18 13 17 3048.00000 12.00000  100.000000 0.000000

20 15 19 3048.00000 12.00000  100.000000 0.000000

22 17 19 3048.00000 12.00000  100.000000 0.000000

4 3 5 3048.00000 12.00000  100.000000 0.000000

6 3 9 3048.00000 12.00000  100.000000 0.000000

8 5 11 3048.00000 12.00000  100.000000 0.000000

[PUMPS] . Headline

/D FromNode  ToNode Parameter(kw-hr)/f= " - e o e oo - - !

2 1 3 POWER 10.000000

[VALVES] ..+ Headline E

/ND FromNode  ToNode Diameter(in) Type Setting(psi) MinorLoss/ '~TTTT T

14 9 13 4.000000 PRV  100.000000 0.000000

[DEMANDS] __! Headline

/ND  Demand(gpm)// ======1________.

3 100.000000

5 100.000000

9 100.000000

11 100.000000
13 100.000000
15 100.000000
17 100.000000
19 100.000000




Table A.1 Continued

[CURVES]

[PATTERNS]
PATNZ 1.000000 1.000000 1.000000
PATNZ 1.000000 1.000000 1.000000

[STATUS]
[CONTROLS]
[SOURCES]
[QUALITY]

[REACTIONS]
GLOBAL BULK 0.000000
GLOBAL WALL 0.000000

[ENERGY]

[OPTIONS]

UNITS GPM

HEADLOSS H-W

VISCOSITY 1.1e-005
DIFFUSIVITY 1.3e-008
SPECIFIC GRAVITY 1.000000
TRIALS 40

ACCURACY 0.001

DEMAND Multiplier 1.000000

[REPORT]
PAGESIZE 30 oo ,

[COORDINATES] .-, Headline.
/D x(ft) y(fyl ==~

1 140726688 174581772

3 160.667221  174.431972

5 160.576993  130.595466

7 207.220708  199.588372

9 207.220708  174.450158

11 207.252760 130.579090
13 241.998111 174517132
15 241.998111 129.944774
17 280.016223 174.565669
19 280.016223 130.044299

[VERTICES]

[End]

1.000000
1.000000

1.000000
1.000000

1.000000




1 Rxample_1.np

2 Damaged_System_Timai4.rnp
3 Modified_System_Time24,np
4 Modified_System_Timed.np
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Figure A.3 Loading EPANET Fileinto EPANET
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Step 3: Construct Pipe Damage Input File

For a deterministic ssimulation, users need to specify the location of each pipe break and
leak, as well as the opening area of each leak. In this example, it is assumed that damage occurs
in two pipes, 12 and 22, as illustrated in Figure A.4. One break occurs at point D in pipe 12.
The location of the damage is defined by a length ratio, which is the ratio of the pipe length,
measured from the pipe upstream node to the damage location, to the original pipe length. It is
assumed that point D is at the middle of pipe 12, as such the length ratio for the break in pipe 12
is0.5. Three locations of damage occurs in pipe 22: one break at point A with a length ratio of
0.3, one leak at point B with a length ratio of 0.6 and leak diameter of 2 inch, and one break at
point C with alength ratio of 0.9.

The pipe damage input file is a text file, which can be constructed by entering the
parameters by hand, by using the GIRAFFE GUI input window, or by opening a Manifold
System project and selecting the desired pipes. The following section describes how to create the
pipe damage input file using each of the three methods. If creating the file by hand, users can use
Microsoft Word, Excel, or Notepad to construct the file and save it as a tab-delimited text file
with the extension .inp. Users may also create a pipe damage file via the GIRAFFE GUI input
window for a deterministic simulation. All three methods for creating the file are discussed in
this section. In this example, the pipe damage input file is saved as Pipe_damage.inp, which is
shown in Table A.2. The input file consists of two blocks with one storing pipe break
information and the other storing pipe leak information.

Constructing Pipe Damage File using Microsoft Word, Excel or Notepad

The block storing pipe break information starts with the line [Pipe_Break Information].
Users need to copy this exact line into their input file and not leave any space before
[Pipe Break Information], otherwise the program will not run correctly. The second line is a
headline describing the type of valuesin each column in the pipe break records that follow. Itis
recommended that users copy the headline into their input file. The headline terms in the pipe
break records are explained in Table A.3. Following the headline and a blank line are the three

11



records for the breaks at points A and C in pipe 22, and the break at point D in pipe 12,

respectively.
7
10
1
2 3 8 0 13 18 17
- - * I ? 3 ¢ & ‘
0.3Ly
Break
0.5L
12 A x__
4 13 16 L,| 22 |%%=
L1 Leak
Break B ‘ I
0.3Ly,
5 Tk Brc:eak ’
8 \ 15 =
L 4 4 & 20 ] T{

Figure A.4 lllustration for Pipe Damage

Table A.2 Pipe Damage Input File for Deterministic Simulation

[Pipe_Break Information]

PipelD PreRatio BreakRatio RepairNo BreakNo LeakNo Prelndex
22 0 0.3 3 1 0 0
22 0.6 0.9 3 2 1 0
12 0 0.5 1 1 0 0

[Pipe_Leak Information]
PipelD LeakD PreRatio LeakRatio RepairNo BreakNo LeakNo Prelndex

22 2 0.3 0.6 3 1 1 1

The block storing pipe leak information starts with the line [Pipe_Leak Information].
Users need to copy this exact line into their input file and not leave any space before
[Pipe_Leak_Information], otherwise the program will not run correctly. The next line is a
headline describing the type of values in each column in the pipe leak records that follow. Itis
recommended that users copy the headline into their input file. The headline terms in the pipe

12



leak records are explained in Table A.4. Following the headline and a blank line is the record for
the leak at point B in pipe 22.

Table A.3 Description of Columnsin Pipe Break Section

Name Type | Explanation

PipelD char | TheID of the pipe which users want to break.

The length ratio of the previous location of pipe damage, either break or
PreRatio float | leak, in the same pipeline. If the current break is the first location of
damage in the pipeline, then the PreRatio is set to 0.

BreakRatio | float | Thelength ratio of the location of the current pipe break.

The total number of locations of pipe damage, including breaks and
leaks, in the pipeline. For example, there are three locations of damage
) _ in pipe 22, including two breaks and one leak. As such, the RepairNo is
RepairNo | int ) _ ) ) )
3 for all the records associated with pipe 22. There is one location of
damage, which isabreak, in pipe 12. As such, the RepairNo is 1 for the

break record associated with pipe 12.

The number of locations of breaks in the upstream of the current
location of pipe break in the same pipeline. The current location of pipe
break is counted. For example, for the first pipe break record, which is
BreakNo int for the break at point A in pipe 22, the BreakNo is 1 because it is the
first break in pipe 22. For the second pipe break record, which is for the
break at point C in pipe 22, the BreakNo is 2 because it is the second
break in pipe 22.

The number of locations of leaks in the upstream of the current location

of pipe break in the same pipeline. For example, for the first pipe break
record, which is for the break at point A in pipe 22, the LeakNo is 0
LeakNo int because there is no leak upstream of point A in pipe 22. For the second
pipe break record, which is for the break at point C in pipe 22, the
LeakNo is 1 because there is 1 leak at point B, which is located
upstream of point C in pipe 22.

Prelndex int The type of the previous location of pipe damage immediately upstream
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of the current break in the same pipeline: O for leak and 1 for break. If
the current break is the first location of pipe damage in the pipeline.
The Prelndex is set to O.

Table A.4 Description of Columnsin Pipe Leak Section

Name

Type

Explanation

PipelD

char

The ID of the pipe which users want to add the leak. Maximum

length 30 characters

LeakD

float

Equivaent orifice diameter of the leak in inches.

PreRatio

float

The length ratio of the previous location of pipe damage, either break
or leak, in the same pipeline. If the current leak is the first location of
damage in the pipeline, then the PreRatio is set to 0.

LeakRatio

float

The length ratio of the location of the current leak.

RepairNo

int

The total number of locations of pipe damage, including breaks and

leaks, in the pipeline.

BreakNo

int

The number of locations of breaks in the upstream of the current
location of pipe leak in the same pipeline. For example, for the leak
record in Table A.2, which is for the leak at point B in pipe 22, the
BreakNo is 1 because there is one break at point A, which is located
in the upstream of point B in pipe 22.

LeakNo

int

The number of locations of leaks in the upstream of the current
location of pipe leak in the same pipeline. The current location of
pipe leak is counted. For example, for the leak record in Table A.2,
which isfor the leak at point B in pipe 22, the LeakNo is 1 because it
isthefirst leak in pipe 22.

Prelndex

int

The type of the previous location of pipe damage immediately
upstream of the current leak in the same pipeline: O for leak and 1 for
break. If the current leak is the first location of pipe damage in the
pipeline. The Preindex is set to O.
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Constructing a Pipe Damage File using GIRAFFE GUI

Users can be guided through the creation of a pipe damage file by the GIRAFFE GUI. To
create pipe damage in GIRAFFE, select “Deterministic” from the screen that appears when
GIRAFFE is first opened, or go to Simulations | Deterministic in the main GIRAFFE toolbar.
There are two adternatives for creating pipe damage in the deterministic GUI: using only
GIRAFFE to assign damage based on pipe IDs (“Create Pipe Damage’) or using Manifold
System to spatially assign damage (“ Create Pipe Damage Using Manifold GIS”). Both of these

methods will be discussed in this section.

The first method, which only uses GIRAFFE to assign damage, is shown in Figure A.5.
After loading the system definition file (in this case, Examplel.inp) and clicking on the “ Create
Pipe Damage” button in the deterministic GUI, a pop-up window appears so that the user can
select a pipe from a drop down menu and enter the number of breaks and leaks associated with
that pipe. To create the same example pipe damage file used previously in this section, the user
should select Pipe ID 22 from the drop down menu. There are 2 breaks and 1 leak associated
with this pipe, so the user should enter 2 for “No. of Pipe Breaks” and 1 for “No. of Pipe Leaks”
and then click the “Add Damage” button. Figure A.6 shows the “Pipe Detalls’ window that
opens, prompting the user to enter in the break ratio for the first pipe break. After entering 0.3
for the break ratio and selecting the “Save” button, the user is prompted to enter the break ratio
for the second pipe break. The user should enter 0.9 for the second break ratio and hit “Save”.

The next prompt, shown in Figure A.7, asks the user to enter the leak ratio and leak
diameter, in inches, for the pipe leak associated with pipe 22. Entering the values and hitting
“Save” will take the user back to the original “Create Pipe Damage” window (shown in Figure
A.5) where another pipe ID can be selected to repeat the process and add additional damage to
the system. Once all pipe breaks and leaks have been entered, the user simply closes the “ Create
Pipe Damage” window by clicking on the X at the top of the window The pipe damage file is
automatically saved as Pipe Damage temp.inp in the GIRAFFE program folder once the
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“Create Pipe Damage” window is closed. The newly created pipe damage file automatically
populates the “Pipe Damage File” box in the GIRAFFE GUI. Thisfile can be used to view the
breaks and leaks entered via the GUI, but any changes to this text file will not be recognized by
the GIRAFFE engine when it performs the simulation because the Pipe_Damage temp.inp fileis
only atemporary file for viewing. If changes need to be made to values aready entered, the user
must re-enter all of the pipe breaks and leaks via the GUI. (To avoid repeating the entire GUI
process when an entry mistake has occurred, the user may copy, rename and alter the
Pipe_Damage _temp.inp file and then select this new file from the “Browse” button by the “Pipe
Damage File” input box.)

oo

L Fie  Simulstions  Options  Giraffe

Information for Deterministic Simulation

System Definition File [c:\Documents and Settings\cjl44' Desktop\DATA F Browse
Minimum Pressure to Eliminate (psi) 0

Simulation Time (hr) 24

Simulation Time Step (hr) 24

[ Fragilities of Water

Supply Facilities Add
Damage

Deterministic: Simulation

Figure A.5 Creating a Pipe Damage File viathe GIRAFFE GUI — Entering the number of pipe
breaks and leaks associated with a Pipe ID
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EEI PipeDetails E]@E]

Pipe Break Damage #1

Damage for Pipe: 22

0.0
Break Ratio ID_3| ] f
1.0

Save |
A

Figure A.6 Creating a Pipe Damage File viathe GIRAFFE GUI — Entering the break ratio
associated with each pipe break

E PipeDetails

Pipe Leak Damage #1

Damage for Pipe: 22

0.0
Leak Ratio Iu_ﬁ f
Leak D {in) Iz

1.0

Save |
A

Figure A.7 Creating a Pipe Damage File viathe GIRAFFE GUI — Entering the leak ratio and
leak diameter associated with each pipe leak

The second method for assigning pipe damage uses the Manifold System application
(Figure A.8). Note that this example uses the entire LADWP water distribution system rather
than the small system example. This tool will open a Manifold project and alow the user to
select the pipes from a spatial representation of the pipe network. However, before clicking the
“Create Pipe Damage Using Manifold GIS’, the user must first add the tool to Manifold's
custom controls. To do this, go to the Manifold Tools folder in the GIRAFFE program folder

17



and copy the contents of the folder (two folders, LADWP and Damage, and an .xml file). Then
paste the files in the Config folder hierarchy for Manifold (normaly C:\Program
FilessManifold System\Config).

After clicking on the “Create Pipe Damage Using Manifold GIS’ button in the
deterministic GUI, a pop-up window appears asking the user to select a saved Manifold project
(in this example, Deterministic_damage.map) as shown in Figure A.9. After pressing OK, the
project will open and the pipes can be selected (Figure A.10). The saved project should contain
a shapefile representing al pipes in the system (epa_pipes.shp). It is aso helpful to create ID
labels for the pipes and overlay them in amap as was done in the example map (right-click in the
Project pane and select Create | Labels). A sample Manifold project (Deterministic_damage.map)
has been included in the GIRAFFE program file in the folder Example Files | Appendix A,
which includes the required files in the appropriate format. Before running the tool in Manifold,
the user should select the desired pipes, either specific pipes or alarge section of pipes. Note that
the layer in which the pipes are being selected must be named Epa_pipes and it must contain a
column called [ID 2], which contains the unique identification numbers for each pipe in the
system (see Figure C.2). After the pipes have been selected, click on the pipe damage tool in the

tool bar iaﬁ If the toolbar is not visible, go to Tools | Add-Ins | Add-In Manager and check the
box next to “ Create Pipe Damage.” Restart Manifold as directed.

Clicking the Create Pipe Damage tool will cause a pop-up window to appear, which asks
for the output file location (Figure A.11). The next window asks for the type and amount of
damage to each of the selected pipes (Figure A.12). After these data have been entered, the
window then asks for the break ratio or leak ratio and leak diameter for each incidence of
damage (Figures A.13(a) and (b)). When the last incidence of damage has been added, a pop-up
window will identify the output location specified in the beginning of the process and then
Manifold will close automatically. The pipe damage file automaticaly populates the “Pipe
Damage File” box in the GIRAFFE GUI.
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ﬂg] Giraffe Yersion 4.0 - [Deterministic Simulation]
82 File Simulations Options  Giraffe

Information for Deterministic Simulation

System Definition File || Browse |
Minimum Pressure to Eliminate (psi)

Simulation Time (hr)
Simulation Time Step (hr)

Pipe Damage File Browse |

Create Pipe
Damage

Create Pipe
Damage Using
Manifold GIS

EEEEEEEEEEESR Run
Simulation
Fragilities of Water

Supply Facilities

Deterministic Simulation

Figure A.8. Creating a Pipe Damage File viathe GIRAFFE-Manifold GUI
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2. EDetermi _damage. map

tdy Flecent
Documents

3

Deskbop

L&

iy Documents

5

Fdy Computer
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Figure A.9. Creating a Pipe Damage File viathe GIRAFFE-Manifold GUI — Selecting the
Manifold Project.
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Figure A.10 Creating a Pipe Damage File viathe GIRAFFE-Manifold GUI — Selecting the Pipes.
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Figure A.11 Creating a Pipe Damage File viathe GIRAFFE-Manifold GUI — Using the Pipe
Damage Tool and Selecting the Output File Location.
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)

Create Pipe Damage

Damage for pipe: GH296

Number of Break for pipe: |1 |

Mumber of Leaks for pipe: |III |

‘ Add Damage |

Figure A.12 Creating a Pipe Damage File viathe GIRAFFE-Manifold GUI — Assigning Damage
to Selected Pipes.

)

Creakte Pipe Damage

Ratio for Pipe: GH296 #1

Break Ratio | 0.33 |

Figure A.13(a) Creating a Pipe Damage File viathe GIRAFFE-Manifold GUI — Specifying
Amount of Damage to Selected Pipes.
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)

Creakte Pipe Damage

Ratio for Pipe: VF2582 #1

Leak Ratio | 0.6 |

Lead Diameter: |

Figure A.13(b) Creating a Pipe Damage File viathe GIRAFFE-Manifold GUI — Specifying
Amount of Damage to Selected Pipes.
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Step 4: Input Parametersin GIRAFFE GUI Window
Figure A.14 shows the GUI window with the required inputs for a deterministic

simulation. The meaning of each entry for adeterministic smulation is explained in Table A.5.

[/® Giraffe Yersion 4.0 - [Deterministic Simulation] BE®E
8l File Simulations Options  Giraffe

=k

Information for Deterministic Simulation

System Definition File IC:\Ducuments and Settings',cjl44', Desktop', DATA F Browse |

Minimum Pressure to Eliminate (psi) ID
Simulation Time (hr) I24
Simulation Time Step (hr) I24

Pipe Damage File Pipe Damage File has been generated. Browse |

Create Pipe
Damage

Create Pipe
Damage Using
Manifold GIS

Run
Simulation

Fragilities of Water
Supply Facilities

Deterministic Simulation

Figure A.14 GUI Window with Inputs for Deterministic Simulation
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Table A.5 GIRAFFE Input Parameters for Deterministic Simulation

Name Description

Name of the EPANET system definition file with the extension

System : : :
o _ of .inp, .txt or .dat.. File name may have a maximum length of
Definition File
80 characters.
Minimum Pressure limit, in psi, below which GIRAFFE eiminates the
Pressure to node and connected links from the system. Typically O for
Eliminate negative pressure elimination.

Total length of simulation time in hours to update tank water
levels. Ofor steady state ssmulation.

Simulation Time

Simulation Time | The time step in hours to update tank water levels. 1 for steady
Step state simulation.

Pipe Damage File | Name of input file for pipe damage generation. The file name
may have a maximum length of 80 characters.

Step 5: Perform Simulation
After GIRAFFE receives the inputs, it performs the deterministic simulation according to

the following procedures:

1) Damage the network and output the damaged system, Damage System TimeO.inp.

2) Apply the EPANET engine to perform hydraulic network analysis to the damaged
system and an iterative approach to eliminate negative pressures. The elimination
process continues until no negative pressures exist in the network.

3) Output the system definition file, Modified System TimeO.inp, and report the results
of each type of physica component in the files, JunctionResults TimeO.out,
TankResults TimeO.out, PipeResults TimeO.out, PumpResults TimeO.out, and
ValveResults Time0.out.
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4)

5)

6)

7)

8)

9)

Calculate the system serviceability at time O and report the system serviceability in
thefile, ServiceabilityO.out.

Read the TankResults Time0.out, determine the outflow of each tank, and update the
tank water levels according to the initial tank water levels, tank cross-sectional areas,
tank outflows, and the time step. In this example, GIRAFFE updates the water level
of tank with ID 7 once after 24 hours of tank running.

Output the damaged system, Damage System Time24.inp.

Apply the EPANET engine to perform hydraulic network analysis to the system with
tank water level updated, and the iterative approach to eliminate negative pressures.
The elimination process continues until no negative pressures exist in the network.
Output the system definition file, Modified System Time24.inp, and report the
hydraulic simulation results of each type of physical component in the files,
JunctionResults Time24.out, TankResults Time24.out, PipeResults Time24.out,
PumpResults Time24.out, and ValveResults Time24.out.

Calculate the system serviceability at time 24 and report the system serviceability in
thefile, Serviceability24.out.

Step 6: View Simulation Results

After the GIRAFFE simulation, the result files can be viewed and checked. The

simulation results are saved in the Giraffe_Output folder which is located in the same location

as the GIRAFFE application.

View damaged system at time 0. The damaged system is saved in the file,

Damage System TimeQ.inp, as shown for the small system example in Table A.6. The

added components associated with pipeline damage are described in red text boxes. The

Damage System Time0.inp can be loaded into EPANET and can be visualized using the

EPANET GUI, as shown in Figure A.15. Users need to check if GIRAFFE adds the

pipeline damage correctly.
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View simulation results at time 0. The hydraulic simulation results associated with
each type of component including junctions, tanks, pipes, pumps, and valves, are shown
in Tables A.7 to A.11. The system serviceability at time O is shown in Table A.12. The
simulation results can be visualized using the EPANET GUI as shown in Figure A.16 by
loading the Modified_System TimeOQ.inp into EPANET and running the simulation.

View damaged system at time 24. The damaged system at time 24 is saved in the file,
Damage System Time24.inp, shown in Table A.13. The Damage System Time24.inp
can be loaded into EPANET to be visualized as shown in Figure A.17.

View simulation results at time 24. The hydraulic simulation results associated with
each type of component, including junctions, tanks, pipes, pumps, and valves, are shown
in Tables A.14 to A.18. The system serviceability at time 24 is shown in Table A.19.
The simulation results can be visualized using the EPANET GUI as shown in Figure
A.18 by loading the Modified System Time24.inp into EPANET and running the

simulation.
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Table A.6 Damaged System at Time O

[TITLE]

[JUNCTIONS]

AL11? 160 —e— — Added junctionto model leak in pipe 22 |

3 100.000000
5 100.000000
9 100.000000
11 100.000000
13 100.000000
15 200.000000
17 100.000000

: Added empty reservoirsto model two |
breaksin pipe 22, 1leak in pipe 22, and 1 :

19 200.000000 | bresk in pipe I
—_— - e mm e ————

[RESERVOIRS] 7 ="
A1R22 130 ot
A2R22 130 _~~ ~
A4R22 190 .
ﬁi’gig igg : Original pipe 22 isreplageq With pip&_AlOZZ, A20_22, |
A2R12 100 A3022, and A4022. Origina pipe 12 isreplaced with |
A3R22 160 I pipes A1012 and A2012. One pipe AlL22 isadded to |
1 450.000000 ; Model the leak occurred in pipe 22 |
[TANKS] -- _-"
7 450.000000 ’1‘20.6006_00, = (7000000 120.000000 30.000000 0.000000

- -
[PIPES] ==~
A1022 © 17 A1R22 9144 12 100 1 cv
A3022 Al122 A4R22 914.4 12 100 1
A4022 19 A5R22  304.8 12 100 1 cv
A1012 9 A1R12 1524 12 100 1 cv
A2012 11 A2R12 1524 12 100 1 cv
A2022 A122 A2R22 914.4 12 100 1 cv
A1L22 A1322 A3R22 05 2 1e+006 1 cv
10 7 9 3048.00000 12.00000 100.000000 0.000000
16 13 15 3048.00000 12.00000 100.000000 0.000000
18 13 17 3048.00000 12.00000 100.000000 0.000000
20 15 19 3048.00000 12.00000 100.000000 0.000000
4 3 5 3048.00000 12.00000 100.000000 0.000000
6 3 9 3048.00000 12.00000 100.000000 0.000000
8 5 11 3048.00000 12.00000 100.000000 0.000000
[PUMPS]
2 1 3 POWER 10.000000
[VALVES]
14 9 13 4.000000 PRV 100.000000 0.000000
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Table A.6 Continued

[DEMANDS]

3 100.000000
5 100.000000
9 100.000000

11 100.000000
13 100.000000
15 100.000000
17 100.000000
19 100.000000

[CURVES]

[PATTERNS]
PATN1 1.000000 1.000000 1.000000
PATN1 1.000000 1.000000 1.000000

[STATUS]
A3022 Closed

[CONTROLS]
[SOURCES]
[QUALITY]

[REACTIONS]
GLOBAL BULK 0.000000
GLOBAL WALL 0.000000

[ENERGY]

[OPTIONS]

UNITS GPM

HEADLOSS H-W

VISCOSITY 1.1e-005
DIFFUSIVITY 1.3e-008
SPECIFIC GRAVITY 1.000000
TRIALS 40

ACCURACY 0.001

DEMAND Multiplier 1.00000011

[REPORT]
PAGESIZE 30
STATUSNO
NODE ALL
LINK ALL

1.000000
1.000000

1.000000
1.000000

1.000000
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Table A.6 Continued

[COORDINATES]

A1R22
A2R22
A4R22
A5R22
A1R12
A2R12
A1J22
A3R22
1

3

5

7

9

11

13

15

17

19

284.468 163.435
284.468 158.983
284.468 136.723
284.468 132.27
211.622 154.711
211.625 150.324
280.016 147.853
284.468 147.853
140.726688
169.667221
169.576993
207.220708
207.220708
207.252760
241.998111
241.998111
280.016223
280.016223

[VERTICES]

A1022
A3022
A4022
A1012
A2012
A2022

[End]

280.016 163.435

280.016 136.723 _ Z =

280.016 132.27

207.235 154.708
207.238 150.321
280.016 158.983

r Added coordinates for new |

_ = reservoirs and junctions I
N

174.581772
174.431972
130.595466
199.588372
174.450158
130.579090
174.517132
129.944774
174.565669
130.044299
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Figure A.15 Damaged System with Node and Link IDs at Time O
Table A.7 Junction Resultsat Time O
Node ID Demand_gpm Head ft Pressure psi
3 100 454.92 153.79
5 100 307.92 90.09
9 100 278.8 77.47
11 100 168.05 29.49
13 100 278.8 77.47
15 100 278.62 34.07
17 100 163.86 27.67
19 0 0 0
Table A.8 Tank Resultsat Time 0
Tank_ID Demand_gpm Head ft Pressure psi
1 -8036.31 450 0
7 -5459.8 570 52
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Table A.9 PipeResultsat TimeO

Pipe ID Flow_gpm Velocity fps Headloss /1000ft

10 5459.8 15.49 95.54

12 0 0 0

16 100 0.28 0.06

18 3305.09 9.38 37.71

20 0 0 0

22 0 0 0

4 3774.68 10.71 48.23

6 4161.63 1181 57.78

8 3674.68 10.42 45.89
Table A.10 Pump Resultsat Time O

Pump_ID Flow_gpm Velocity_fps Headloss_/1000ft

2 8036.31 0 -4.92
Table A.11 ValveResultsat TimeO

Valve ID Flow_gpm Velocity fps Headloss /1000ft

14 3505.09 9.94 0
Table A.12 Serviceability at Time O

Node ID Demand 1 Node_Serviceability

3 100 100 1

5 100 100 1

9 100 100 1

11 100 100 1

13 100 100 1

15 100 100 1

17 100 100 1

19 100 0 0

Sum 0.875 0.875
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Figure A.16 Simulation Resultsat TimeO

L=




Table A.13 Damaged System at Time 24

[TITLE]
[JUNCTIONS]

3 100.000000
5 100.000000
9 100.000000
11 100.000000
13 100.000000
15 200.000000
17 100.000000
[RESERVOIRS]
A1R22 130
A2R22 130
A4R22 190
A5R22 190
A1R12 100
A2R12 100
A3R22 160

1 450.000000
[TANKS]

7

[PIPES]

A1022 17 A1R22
A1012 9 A1R12
A2012 11 A2R12
10 7 9
16 13 15
18 13 17
4 3 5
6 3 9
8 5 11
[PUMPS]

2 1 3
[VALVES]

14 9 13
[DEMANDS]

3 100.000000
5 100.000000
9 100.000000
11 100.000000
13 100.000000
15 100.000000
17 100.000000
[CURVES]

r- - - =-—=—= T =
I Tank water level is updated.
I Tank isempty in this example.
_— e ——— -
="
0 0 120 30
914.4 12
1524 12
1524 12
3048.00000 12.00000
3048.00000 12.00000
3048.00000 12.00000
3048.00000 12.00000
3048.00000 12.00000
3048.00000 12.00000
POWER 10.000000
12.000000 PRV  100.000000

100
100
100
100.000000
100.000000
100.000000
100.000000
100.000000
100.000000

0.000000

1 cv
1 Ccv
1 Ccv
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
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Table A.13 Continued

[STATUS]
[CONTROLS]
[SOURCES]
[QUALITY]

[REACTIONS]
GLOBAL BULK 0.000000
GLOBAL WALL 0.000000

[ENERGY]

[OPTIONS]

UNITS GPM

HEADLOSS H-W

VISCOSITY 1.1e-005
DIFFUSIVITY 1.3e-008
SPECIFIC GRAVITY 1.000000
TRIALS 40

ACCURACY 0.001

DEMAND Multiplier 1.000000

[REPORT]
PAGESIZE 30
STATUSNO
NODE ALL
LINK ALL

[COORDINATES]

A1R22 284.468 163.435
A2R22 284.468 158.983
A4R22 284.468 136.723
ABR22 284.468 132.27
A1R12 211.622 154.711
A2R12 211.625 150.324
A3R22 284.468 147.853

1 140.726688 174.581772
3 169.667221 174.431972
5 169.576993 130.595466
7 207.220708 199.588372
9 207.220708 174.450158

11 207.252760 130.579090
13 241.998111 174.517132
15 241.998111 129.944774
17 280.016223 174.565669

[VERTICES)]

A1022 280.016 163.435
A1012 207.235 154.708
A2012 207.238 150.321

[End]
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Figure A.17 Damaged System at Time 24
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Table A.14 Junction Results at Time 24

Node ID Demand_gpm Head ft Pressure psi
3 100 454.27 153.5
5 100 307.53 89.92
9 100 168.69 29.76
11 100 167.92 29.43
13 100 168.69 29.76
15 0 0 0
17 100 138.36 16.62
19 0 0 0
Table A.15 Tank Resultsat Time 24
Tank _ID Demand_gpm Head ft Pressure psi
1 -9273.55 450 0
7 0 450 0
Table A.16 Pipe Resultsat Time 24
Pipe ID Flow_gpm Velocity fps Headloss /1000ft
10 0 0 0
12 0 0 0
16 0 0 0
18 1609.71 457 9.95
20 0 0 0
22 0 0 0
4 3770.99 10.7 48.14
6 5402.57 15.33 93.69
8 3670.99 1041 45.8
Table A.17 Pump Resultsat Time 24
Pump_ID Flow_gpm Velocity fps Headloss /1000ft
2 9273.55 0 -4.27
Table A.18 Vave Resultsat Time 24
Vave ID Flow_gpm Velocity fps Headloss /1000ft
14 1709.71 4.85 0
Table A.19 Serviceability at Time 24
Node ID Demand 1 Node_Serviceability
3 100 100 1
5 100 100 1
9 100 100 1
11 100 100 1
13 100 100 1
15 100 0 0
17 100 100 1
19 100 0 0
Sum 0.75 0.75

36




& EPANET 2 - Modified_System_Time24.inp - [ x|
Flle Edit View Progct Report Window Help
A LA OEE=CFMT

- Network Map e ED
Mo

Presnge

-1 2 3 6 14 13 18 17
5403 1610
0 9274 154 1710 a0zl
A1012 1518 1R22
3503 82R22
ATR12 -
4 —
B2R12
3771 - A3R22
0 —
0
A2012
; AdR22
3571
-
B5R22
5 8 11 o
%0 3671 0

Auterlength O GPM e 100 N 272502009

Figure A.18 Simulation Results at Time 24

A.5 MONTE CARLO WITH FIXED SIMULATION RUNS

Step 1: Export EPANET Format File

Export the hydraulic network model from H20ONET to the EPANET file format
following the same approach as described in Section A.4, Step 1. The exported file,
Example_1.inp, isinstalled along with the GIRAFFE program and resides in the folder: Example
Files\Appendix A.

Step 2. Review EPANET File

Check the EPANET format file following the same procedures as described in Section
A.4, Step 2.
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Step 3: Construct Filesfor Pipe Damage Generation and Earthquake Demand Simulation
The probabilistic implementation generates randomly distributed pipeline breaks and

leaks in the system according to pipeline repair rate, RR, length, L, and the conditional

probability of pipe break, B, , given that damage occurs. In addition, the probabilistic

implementation determines the type of each leak according to the probability of that leak type for
different types of pipelines. The probabilistic implementation includes three steps. generating
pipe damage, deciding on damage states (Ieak or break), and determining leak type. Its detailed
methodology can be found in the GIRAFFE Users Manual main text and Shi (2006). The main
inputs from users for probabilistic pipe damage generation are the repair rate (RR), length (L),
and material of each pipeline. The conditional probability of pipe break, B, , and the probability

for each leak type for different types of pipelines have default values that can be changed by
clicking on Options | Configuration | Pipe Damage Probability in the GIRAFFE toolbar.
Figures A.19 and A.20 show the default values for the Pipe Damage Probability and the Pipe
Leakage Model. These default values of 20% breaks and 80% leaks are based on pipeline
damage repair data from a seismic event in the Seattle area. Data associated with the 1994
Northridge earthquake, however, seems to suggest a 5% break rate and 95% leak occurrence is
better suited to a Los Angeles area seismic event. Therefore, the user may decide to change the

default valuesin order to better model the characteristics of the study area.
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Figure A.19 Default values for Pipe Damage Probability
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@ Giraffe ¥ersion 4.0 - [Configuration]
8l File Simulations Options  Giraffe - g3 x

Pipe Leakage Model

Type 1: Annular Disengagement P (Leak) - Cast Iron P (Leak) - Ductile Iron
t (in) 0.4 Type 1 .3 Type 1 0.8
k 0.3 Type 2 0.8 Type 2 0.8
Type 3 0.9 Type 3 0.4
Type 2: Round Crack
Type 4 1.0 Type 4 10
o
0 p-5 Type 5 1.0 Type 5 1.0
P (Leak) - Riveted Steel _
Type 3: Longitudinal Crack P (Leak) - Welded Steel
Type 1 0.6 Type 1 l—
L () 480.0 ype no
Type 2 0.6 Tybe 2 li
9° lﬂl— ype 0.0
Type 3 0.0 Type 3 I—D o
Type 4 1.0 l—
Type 4: Local Loss of Pipe Wall Type d 0
Type 5 1.0 Type 5 lil o

kl =k2 0.05
P (Leak) - Unknown Material

Type 5: Local Tear of Fipe Wall Type 1 IM—
I e |
) lﬁi Type 3 lﬂfvi Pargﬁ’l\I’EBtEI'S @
Type 4 e
Type 5 llEl—

Figure A.20 Default valuesfor Pipe Leakage Model

The input file for probabilistic pipe damage generation is shown in Table A.20. Thisfile
isatext file and users can use Microsoft Word, Excel, or Notepad to construct it and save it asa
tab-delimited text file with the extension .inp. The probabilistic pipe damage input file starts with
a headline, followed by the record of each pipeline. It is recommended that users copy the
headline to their own files. The headline terms in the pipe damage generation input file are
explained in Table A.21.

It is assumed that each pipe has arepair rate, RR, equal to repair/km in this example. The
determination of RR for each pipeline for a given earthquake scenario involves spatial
manipulation which is performed by GIS (see Appendices B and C for detailed methodology and
explanations). The pipe length and material information can be obtained from the hydraulic
network model database.

40



The input file for earthquake demand simulation is shown in Table A.22. Thisisalso a
text file which users can create using Microsoft Word, Excel, or Notepad, and save as a tab-
delimited text file with the extension .inp. The input file starts with a headline, followed by the
record of each demand node. The headline terms in the earthquake demand simulation input file
areexplained in Table A.23.

It is assumed that each demand has a RR = 1 repair/km in this example. The
determination of RR for each demand node for a given earthquake scenario involves in spatia
manipulation which is performed by GIS. It is further assumed that the network is divided into
two pressure zones, one upstream from pressure reducing valve 14, including junctions 3, 5, 9,
and 11, and the other downstream from pressure reducing valve 14, including junctions, 13, 15,
17, and 19. The mean pressure of each pressure zone is calculated by averaging the pressures at
the junctions inside the pressure zone for the undamaged system. Then the mean pressure is
assigned to each demand node inside the pressure zone. The pressure at each junction for the

undamaged system is shown in Figure A.2.
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Table A.20 Pipe Damage Input File for Monte Carlo Simulation with Fixed Simulation Times

(rr.inp)
PipelD Length_km RR Material
10 1 1 Cl
12 1 1 Cl
16 1 1 DI
18 1 1 DI
20 1 1 CON
22 1 1 CON
4 1 1 RV
6 1 1 RV
8 1 1 STL

Table A.21 Description of Columnsin Probabilistic Pipe Damage Input File

Name

Type

Description

PipelD

char

The ID of the pipe which users want to damage. Users have to make
sure this pipe is in the system definition file otherwise the program

cannot run correctly. Maximum length 30 characters

Length

float

The length of the pipein km. The length of each pipe can be obtained
from the system definition file.

RR

float

Pipe repair rate in repairs per kilometer of pipe length, which is
correlated with seismic hazard parameters, such as peak ground
velocity and permanent ground deformation. The determination of
repair rate for each pipeline involves spatial manipulation, which is

conducted using GIS.

M aterial

char

The materia of the pipeline. CI: cast iron pipeline; DI: ductile iron
pipeling, RS: riveted steel pipeline; CON: concrete pipeline; STL:
welded steel pipeline, and N/A: other types of pipelines beside the

abovementioned five types of pipeline.
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Table A.22 Input File for Earthquake Demand Simulation

ID
3
5
9
11
13
15
17
19

G

Py

Ave_PRESSURE
202
202
202
202
78
78
78
78

PRRPRRRPRRRRET

Table A.23 Description of Columnsin Earthquake Demand Simulation Input File

Name

Type

Description

ID

char

The ID of the demand node. Users have to make sure this
demand node is in the system definition file otherwise the

program cannot run correctly. Maximum length 30 characters.

G RR

float

Pipe repair rate in repairs per kilometer of pipe length, which is
correlated with seismic hazard parameters, such as peak ground
velocity and permanent ground deformation. The determination
of repair rate for each pipeline involves spatial manipulation,

which is conducted using GIS.

Ave PRESSURE

float

The average nodal pressure of the pressure zone, in which the

demand node is located.

43




Step 4: Input Parametersin GUI Window

Figure A.15 shows the GUI window with the required inputs for a Monte Carlo
simulation with a fixed number of simulation runs. Users may select “Monte Carlo Fixed” from
the screen that appears when first opening GIRAFFE, or by going to Simulations | Monte Carlo
Fixed in the main GIRAFFE toolbar. The meaning of each entry for adeterministic ssimulation is

explained in Table A.24.

E Giraffe ¥ersion 4.0 - [Monte Carlo Simulation - Fiked Number]
80 File Simulations Options  Giraffe -8 x

Information for Monte Carlo Simulation - Fixed Number

System Definition File IC:\ExampIB_l.inp Browse |
Minimum Pressure to Eliminate (psi) Iu
Simulation Time (hr) |24
B . . Generate Pipe
Simulation Time Step (hr) |24 Repair Rate and

Mean Pressure Files

Pipe Repair Rate File |l3:\rr.inp Browse |
Number of Simulations Ilu Random Seed Ilu

Nodal Demand Calibration Yes M Regression Equation I ____________________ j

Mean Pressure File |C:\NudefPressure.inp Browse |

r Fragilities of Water Run
Supply Facilities Simulation

Monte Carlo Simulation - Fized

Figure A.21 GUI Window with Input for aMonte Carlo Simulation with Fixed Simulation Runs



Table A.24 Input Parameters for Monte Carlo Fixed Simulation

Name

Description

System Definition File

Name of the EPANET system definition file with the
extension of .inp.. File name may have a maximum

length of 80 characters.

Minimum Pressure to

Eliminate

below which GIRAFFE
eliminates the node and connected links from the

Pressure limit, in ps,

system.  Typically input O for negative pressure

elimination.

Simulation Time

Total length of simulation time in hours to update tank
water levels. O for steady state simulation.

Simulation Time Step

The time step in hours to update tank water levels. 1 for
steady state simulation.

Pipe Repair Rate File

Name of the input file for probabilistic pipe damage
generation. File name may have a maximum length of

80 characters.

Number of Simulations

Monte Carlo ssimulation time ranging from 1 to 100

Random Seed Seed for random number generation.
Noda Demand Options to choose to simulate the earthquake demand or
Cdlibration not: “Yes’ for simulated and “No” for not simulated.

Regression Equation

(If “Yes” was selected for “Nodal Demand Calibration”,
this value is required.) Options for earthquake demand
simulation: “Mean Prediction Plus Noise Terms’ or
“90% Confidence Level Prediction”.

Mean Pressure File

(If “Yes” was selected for “Nodal Demand Calibration”,
this value is required.) Name of the input file for
earthquake demand assessment. File name may have a

maximum length of 80 characters.
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Step 5: Perform Simulation

GIRAFFE anayzes the network following the same procedures described in the

deterministic ssmulation for 10 Monte Carlo runs in the User Manual, Section 7.4.

Step 6: View Results

GIRAFFE saves the damaged system definition file, Damage Info_Dert*.inp, and the
component results for each Monte Carlo simulation run. The Damage Info_Dert*.inp files
contain the pipe break and leak information for each simulation run and have the same format as
the input file for deterministic pipeline damage generation, as shown Table A.2. The files
associated with each simulation run are bundled in separate folders and saved with a similar
naming convention as that used in the deterministic simulation. These files can be found in the
“Giraffe_Output” folder that exists in the same directory where the GIRAFFE application is
installed. The damaged system and modified system files are appended with a number indicating
which simulation run they are associated with, e.g. Damage System Time09.inp is the damaged
system file at time O for smulation run 9, and Modified_System Time245.inp is the modified
system file at time 24 for simulation run 5. Besides the results for each simulation run,
GIRAFFE reports the serviceability at times 0 and 24 for all simulation runs. The simulation
results users need to check are:

e Damaged system at time 0, Damage System Time0.inp, as shown in Table A.25, for the
10" simulation run. Users need to check if the demands are updated if they choose the
simulation option to perform earthquake demand simulation.

e System serviceability a times 0 and 24, in files ServiceabilityO.out and
Serviceability24.out, respectively. These files are shown in Tables 7.19 and 7.20. In
these tables, the system serviceability is reported in a matrix format. For each Monte
Carlo simulation, the serviceability is reported for each demand node and for the entire
system. The mean of the nodal and system serviceability for all Monte Carlo ssmulations

isalso calculated and reported.
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Table A.25 Damaged System for the Last Run of Monte Carlo Simulation

A1J10
A2J10
AlJ12
AlJ16
A2J16
Al1J22
AlH
A234
3

5

9

11

13

15

17

19

A2R12
A3R12
A2R22
A3R22
A1R10
A2R10
A1R12
A1R16
A2R16
A1R22
AlR4
A2RA4
1

5

[PIPES]
A2012
A3012
A2022
A3022
A1010
A1L10
A2010
A2L10
A3010
A1012
A1L12
A1016
A1L16
A2016
A2L16

[TITLE]

[JUNCTIONS]

440.746
344.961
100
105.151
126.669
147.075
100

100
100.000000
100.000000
100.000000
100.000000
100.000000
200.000000
100.000000
200.000000

[RESERVOIRS]

100

100
153.127
153.127
440.746
344.961
100
105.151
126.669
147.075
100

100
450.000000

[TANKS]

450.000000

AlJ12
11
Al1J22
19
7
A1J10
A1J10
A2J10
A2J10
9
AlJ12
13
AlJ16
A1J16
A2J16

120.000000 0.000000
A2R12 4.28195 12 100
A3R12 1874.56 12 100
A2R22 184.441 12 100
A3R22 1428.7 12 100
A1J10 80.5885 12 100
A1R10 05 1.58533 1e+006
A2J10 834.149 12 100
A2R10 05 1.2 1e+006
9 2133.26 12 100 0
AlJ12 1169.15 12 100
Al1R12 0.5 2.4 1e+006
Al1J16 156.993 12 100
A1R16 05 24 1e+006
A2J16 655.89 12 100
A2ZR16 0.5 24 1e+006

120.000000

RPORORRRE

PORFRPORFRO

Ccv
Ccv
Ccv
Ccv
Ccv

cv

cv

Ccv

cv

30.000000

0.000000
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Table A.25 Continued

A3016 A2J16 15 2235.12 12 100 0

A1022 17 Al2 143486 12 100 0

AlL22 Al22 AIR2 05 2.4 1e+006 1 cv
Al04 3 A1l 737.49 12 100 0

AlL4  AlM  AIR4 05 357771 1e+006 1 cv
A204  AlM  A2M 1120.94 12 100 0

A2L4  A24  AR4 05 357771 1e+006 1 cv
A304 A2M4 5 1189.57 12 100 0

18 13 17 3048.00000 12.00000 100.000000  0.000000

20 15 19 3048.00000 12.00000 100.000000  0.000000

6 3 9 3048.00000 12.00000 100.000000  0.000000

8 5 11 3048.00000 12.00000 100.000000  0.000000
[PUMPS]

2 1 3 POWER 10.000000

[VALVES]

14 9 13 12.000000 PRV 100.000000  0.000000

[DEMANDS] m——————— -

g ggi-gi ~=— — Demandsarechanged |

9 92102 ~ toconsider the effects |

1 921.02 I' of earthquake damage |

13 42254 I to distribution network

15 422,54 b=

17 422.54

19 422.54

[CURVES]

[PATTERNS]

PATN1 1.000000 1.000000 1.000000 1.000000 1.000000 1.000000
PATN1 1.000000 1.000000 1.000000 1.000000 1.000000

[STATUS]

[CONTROLS]

[SOURCES]

[QUALITY]

[REACTIONS]

GLOBAL BULK 0.000000
GLOBAL WALL 0.000000

[ENERGY]
[OPTIONS]

UNITS GPM
HEADLOSS H-W
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Table A.25 Continued

VISCOSITY 1.1e-005
DIFFUSIVITY 1.3e-008
SPECIFIC GRAVITY 1.000000
TRIALS 40

ACCURACY 0.001

DEMAND Multiplier 1.000000

[REPORT]
PAGESIZE 30
STATUSNO
NODE ALL
LINK ALL

[COORDINATES]

A2R12 211.619 159.757
A3R12 211.622 155.37
A2R22 284.468 153.139
A3R22 284.468 148.687
AL1J10 207.221 198.924
A1R10 209.735 198.924
A2J10 207.221 192.044
A2R10 209.735 192.044
A1J12 207.233 157.622
A1R12 211.62 157.628
A1J16 241.998 172.221
A1R16 246.455 172.221
A2J16 241.998 162.63
A2R16 246.455 162.63
A1J22 280.016 153.607
A1R22 284.468 153.607
A1M4  169.645 163.825
A1R4  165.262 163.843
A2J4  169.612 147.704
A2R4  165.229 147.722

1 140.726688 174.581772
3 169.667221 174.431972
5 169.576993 130.595466
7 207.220708 199.588372
9 207.220708 174.450158

11 207.252760 130.579090
13 241.998111 174.517132
15 241.998111 129.944774
17 280.016223 174.565669
19 280.016223 130.044299

[VERTICES]

A2012 207.231 159.754
A3012 207.235 155.367
A2022 280.016 153.139
A3022 280.016 148.687

[End]
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Table A.26 Serviceability of Monte Carlo Simulation with Fixed Simulation Times at Time 0

Node ID Demand 1 2 3 4 5 6 7 8 9 10 Node_Serviceability

3 100 100 100 100 100 100 100 100 100 100 100 1

5 100 0 100 100 100 100 100 100 100 100 100 0.9

9 100 100 100 100 100 100 100 100 100 100 100 1

11 100 100 100 100 100 100 100 100 100 100 100 1

13 100 100 100 100 100 100 100 100 100 100 100 1

15 00 0 O 100 0 100 O O O O 100 0.3

17 100 0 100 100 O 100 100 100 100 100 O 0.7

19 00 0 0O 100 O 100 O O © 0 © 0.2

IR

Sum &5 075 1 0625 1 075 075 0.75 0.75_“‘%75‘-_-“ 0.7625
system MeanNoqu MeanSyngm
: Serviceability of : : Serviceability for All i 1 Servicesbility for All :
: EachMonteCarlo : : MonteCarlo Runs : ! MonteCarloRuns

Table A.27 Serviceability of Monte Carlo Simulation with Fixed Simulation Times at Time 24

Node ID Demand 1 2 3 4 5 6 7 8 9 10 Node Serviceability
3 100 100 100 100 100 100 100 100 100 100 100 1

5 100 0 100 100 100 100 100 100 100 100 100 0.9

9 100 100 100 100 100 100 100 100 100 100 100 1

11 100 100 100 100 100 100 100 100 100 100 100 1

13 100 100 100 100 100 100 100 100 100 100 100 1

15 100 0 0 100 O 100 0 0 0 0 0 0.2

17 100 0 100 100 O 100 100 100 100 O 0 0.6

19 100 0 0 100 O 0 0 0 0 0 0 0.1

Sum 05 075 1 0.625 0.875 0.75 0.75 0.75 0.625 0.625 0.725
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A.6 MONTE CARLO SIMULATION WITH FLEXIBLE SIMULATION RUNS

Step 1: Export EPANET Format File
Export the hydraulic network model from H20NET to EPANET format file,
Example_1.inp, following the same approach as described in Section A.4, Step 1.

Step 2: Check EPANET File
Check the EPANET format file, Example l.inp, following the same procedures
described in Section A .4, Step 2.

Step 3: Construct Filesfor Pipe Damage Generation and Earthquake Demand Simulation

Construct the input files, rr.inp, for pipe damage generation and, Node Pressure.inp, for
earthquake demand simulation, using the same format as shown in Tables A.20 and A.22,
respectively. Thefiles must be in tab-delimited format.

Step 4: Input Parameters

Selecting a Monte Carlo Flexible simulation in GIRAFFE produces a GUI window as
shown in Figure A.16. All the entriesin this GUI window have the same meaning and format as
those shown in Figure A.15 and described in Table A. 24.

Step 5: GIRAFFE Performs Simulation

GIRAFFE analyzes the network following the same processes described in the
deterministic smulation and determines how many Monte Carlo simulation runs are needed to

have statistically significant results using the built-in algorithm.

Step 6: View Results

GIRAFFE saves the damaged system definition file and the component results for each
Monte Carlo simulation and saves the serviceability at times 0 and 24 for all ssimulation runs.
The system serviceability is reported in Tables A.28 and A.29 for times 0 and 24, respectively.

In total, 20 runs of Monte Carlo simulations are performed in this example.
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E Giraffe Yersion 4.0 - [Monte Carlo Simulation - Flerible Number]
B2 File Simulations Options  Giraffe

Information for Monte Carlo Simulation - Flexible Number

System Definition File IC:\ExampIe_l.inp Browse |
Minimum Pressure to Eliminate (psi) 0
Simulation Time (hr) 24
Generate Pipe
Repair Rate and
Simulation Time Step (hr) 24 Mean Pressure Files

Pipe Repair Rate File IC:\""-i"IJ Browse |
Random Seed 10

Calibrate Nodal Demand Yes M
Regression Equation 90% Confidence In =
Mean Pressure File IE:\Nude_Pressure.inp Browse |

r Fragilities of Water
Supply Facilities Run
Simulation

Monte Carlo Simulatiorn - Flesible

Figure A.22 Inputsfor Monte Carlo Simulation with Flexible Simulation Runs
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Table A.28 Serviceability of Monte Carlo Simulation with Flexible Simulation Runs at Time 0

Node IDDemand1l 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 Node Serviceability
3 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 1

5 100 0O 100 100 100 100 100 100 100 100 100 O O 100 100 100 100 O 100 100 100 0.8

9 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 1

11 100 100 100 100 100 100 100 100 100 100 100 O 100 100 100 100 100 100 100 100 100 0.95
13 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 1

15 00 0 O 1000 1000 O O O 1000 O O O O 0O 0 O 0 0 0.15
17 100 0 100 100 O 100 100 100 100 100 O 100 O O 100 100 0O O O 100 100 0.6
19 100 0O O 1000 1000 O O O O O O O O O O O o o0 O 0.1
Sum 05 075 1 06251 0.75 0.75 0.75 0.75 0.75 0.5 0.5 0.625 0.75 0.75 0.6250.5 0.625 0.75 0.75 0.7
Table A.29 Serviceability of Monte Carlo Simulation with Flexible Simulation Runs at Time 24

Node IDDemand1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 Node Serviceability
3 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 1

5 100 0 100 100 100 100 100 100 100 100 100 O 0O 100 O 100 100 O 100 100 100 0.75
9 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 1
11 100 100 100 100 100 100 100 100 100 100 100 O 100 100 100 100 100 100 100 100 100 0.95
13 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 1
15 00 0 O 1000 1000 O O OO O O O O O O O O 0 o 0.1
17 100 0 100100 O 100 100 100 100 0 O 100 O O 100 100 O O O 100 100 0.55
9 100 O O 1000 O O O O O O O O O O o O O o0 O0 o© 0.05
Sum 05 0751 0.6250.8750.750.75 0.75 0.6250.6250.5 0.5 0.6250.625 0.75 0.625 0.5 0.6250.75 0.75 0.675
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A.7 USING DETERMINISTIC RESULTS AS INPUT FOR MONTE CARLO SIMULATION
RUNS

The primary utility of running a deterministic simulation is that it allows the user to
explicitly specify damage to the system and then view the effects of that damage. This is
especially useful when experts can predict regions of permanent ground deformation where
damage islikely to occur. A useful application of GIRAFFE is the ability to combine a stochastic
simulation and a deterministic smulation. The deterministic simulation allows users to specify
damage due to permanent ground deformation and results from this simulation can be fed into a
stochastic simulation where additional damage will be applied to the system based on the
selected earthquake scenario. Note that this can be done with both fixed and flexible Monte
Carlo simulations.

Sep 1. Sart a Deterministic Smulation

Run the deterministic simulation, adding damage to pipes as described in Section A.4
DETERMINISTIC SIMULATIONS. When the ssimulation is complete, there will be a file
called Damage System TimeOl.inp in the “Giraffe_Output” folder of results. Thisfileisin the
same format as the original system definition file, but it includes damage to the system that was
gpecified in the deterministic simulation. (Please note that the user should use the
Damage System TimeO1 file and not the Modified System TimeOl file The
Modified System TimeO1 file will have been through hydraulic analysis and negative pressures
and corresponding model elements will have been removed. For accurate results, the user needs
to use the Damage_System TimeO1l file for the next step, so al model elements are present at the
start of the stochastic smulation). Using the Damage System TimeOLl.inp file as the system
definition file for a Monte Carlo simulation, the user can have additional damage (created by the
stochastic simulation) imposed with the damage explicitly applied via the deterministic

simulation module.

Sep 2: Run Monte Carlo Smulation Using Deterministic Results
Open up the GIRAFFE GUI to begin aMonte Carlo Simulation (either Flexible or Fixed).

Use the Damage _System TimeOl.inp file as the system definition file (you may want to rename



this file as something more descriptive). At this point, the user can choose to incur additional
trunk line damage via the Monte Carlo smulation by selecting a pipe repair rate file
(SM_rrout.inp) for a particular scenario earthquake. Damage to the distribution network will be
simulated if the user chooses “Yes' for “Calibrate Nodal Demand” and then selects the
appropriate mean pressure file. If desired, the tank fragility module can be applied. Figure A.23
shows what the inputs would look like for this type of asimulation.

In some cases, a user will not want to incur any additional trunk line damage (i.e. only
include the damage that has been applied deterministically), but would still like to have damage
simulated for the distribution network. This can be accomplished by creating a pipe repair rate
filewith zeros for all of the pipe repair rates (as shown in Figure A.24). The user can then select
“Yes' for “Calibrate Noda Demand’ and selects a mean pressure file and distribution line
damage will occur. If desired, the tank fragility module can be applied.

Once the inputs are in place, the user can run a Monte Carlo simulation and view results.
The output files will include the effects of both deterministic and stochastic damage to the
system.

™ Giraffe Version 4.0 - [Monte Carlo Simulation - Flexible Number]
ol File Simulations ©Options  Giraffe

Information for Monte Carlo Simulation - Flexible Number

System Definition File |I::\Damage_ﬁvstem_ﬁmeﬂ1.inp Browse
Minimum Pressure to Eliminate (psi) -5
Simulation Time (hr) 24
Generate Pipe
Repair Rate and
Simulation Time Step (hr) 1 Mean Pressure Files
Pipe Repair Rate File |E:\5M_rruut_tah2l]l]?.inp Browse
Random Seed 0
Calibrate Nodal Demand ves hd
Regression Equation 90% Confidence In ~
Mean Pressure File |ID:\Ladwp_LucaIDemand_Summer.inp Browse

Fragilities of Water

L Supply Facilities Run
Simulation

Monte Carlo Simulation - Flexible

Figure A.23. Example of Monte Carlo Simulation Using a Deterministic Simulation-
Generated System Definition File.
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B SM_rrout_tab2007_noDMG.inp - No... [= |[B)X)

File Edit Faormak  Wiew Help

PipeID Length RR. Material e
CiZlo 0.1%4304 a T
CiClaa 0.011555E a T
CiZl00d  0.01%28&82 a I
CiZlongz  0.031027% a STL
CC1004  0,0580508 0 CI
CiZlo0e  0.00F770331 a T
CiZlo0g  0.0223099 a I
21010 0.127691 u} I
21012 0.1855395 a T
CiZ1014 0.0263236 a T
CiZ101é  0.056047 a I
21015 0.0451e87 a T
CCioz 0.00282089 0 CI
CiZ1020 0.0333274 a T
CiZl022 0.11F7742 a I
CiZloz4 0.170079 u} I
CiZl02e 0.&515014 a T
CiZ1028  0.015939& a I
21020 0.38306858 u} I
21032 0.0234856 a 0OI
CiZ1034  0.115343 a T
CiZ1036  0.0254914 a STL
CiZ1038%  0.088371% a T
CCa04 0.00z202711 0 CI
21040 0.462036 a T
CiZlo42 00111634 a I
CiZlo44  0,0155032 u} I
CiZl04e  0.217831 a T
CZ1045% 0.0626181 a T
21050 0.393F51 a 0OI
21052 0.147411 a T
CC1084  0,17191 0 CI
21056 0.0911545 a T
1055 0.102589 a I
CiZloe 0.00210787 u} I
CZl0e0d 0.21e23& a T
CZl0sz2 0.0831878 a T
CiZloed4  0.0903505 a I
CiZl0se  0.71703 a 0OI p

Figure A.24 Example of a Pipe Repair Rate file for No Trunk Line Damage
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APPENDIX B
GIRAFFE INPUT PREPARATION

B.1 INTRODUCTION

This appendix provides a demonstration on how to prepare input files for GIRAFFE
simulations. To simulate the performance of a damaged water system, GIRAFFE needs two
types of input files: a system definition file in EPANET format defining the intact water system
and some system damage files describing damage scenarios. GIRAFFE can perform both
deterministic and stochastic simulations. Depending on whether the simulation is deterministic or
stochastic, GIRAFFE asks for different system damage files. This appendix focuses on preparing
system damage files for stochastic simulations by a series of manipulations and spatial analyses
using H20ONET, ESRI ArcGIS, and Microsoft Excel. The preparation of the system definition
file and system damage file for deterministic simulations are described in detail in Section A.4
DETERMINISTIC SIMULATIONS of Appendix A. Although the thought process of the
input file preparation applies to other GIS and hydraulic analysis software, this demonstration
uses ESRI ArcGIS 8.3 and H20ONET 3.5 in particular, and usage of other similar GIS and/or
hydraulic analysis software may lead to slight variations of the procedures. Users should be
familiar with GIRAFFE, EPANET, H20ONET, ESRI ArcGIS, and Microsoft Excel before the
GIRAFFE input file preparation. For more information on EPANET, H20NET, and ESRI
ArcGIS, users can refer to the EPANET User Manual (Rossman, 2000), H2ONET User Manual
(MWH Soft, Inc., 1999), and ESRI User Manua (Booth and Mitchell, 2001).

This appendix is tailored to the seismic performance evaluation of the Los Angeles water
supply system, which is operated by Los Angeles Department of Water and Power (LADWP).
For the details of the evaluation process, please refer to Wang (2006) and Shi (2006). The
appendix starts with a brief description of LADWP seismic hazard characterization, followed by
H20NET analysis of the LADWP water supply system. Then, it proceeds to the GIS
manipulations and spatial analysis and Excel spreadsheet calculations for the preparation of input
filesin the GIRAFFE format.



B.2 LADWPSEISMIC HAZARD CHARACTERIZATION

The seismic hazard characterization for the LADWP water supply system was devel oped
by approximating the aggregate seismic hazard in the area that takes into account all currently
identified, potential seismic sources in a probabilistic context. This was accomplished by
examining 59 scenario earthquakes that were selected to provide probability of exceedance
characteristics for strong ground motion similar to those for all currently identified potential
seismic sources in the area (Lee et al. 2005; and Wang 2006). Table B.1 summarizes information

about the 59 scenario earthquakes.

For each of the 59 scenario earthquakes, several strong ground motion parameters at
equivalent rock sites, i.e., peak ground acceleration (PGA), peak ground velocity (PGV), and
spectral acceleration with 5% damping at T = 0.2 sec (Sao2), and T = 1.0 sec (Saz), respectively,
are generated at 572 points in a grid with uniform separation of points and interval of 0.03°
longitude and latitude covering the LADWP water supply system. The grid is shown in Figure
B.1, superimposed by the LADWP trunk line system.

For each strong ground motion parameter at the 572 grid points, strong motion data are
generated corresponding to both the mean and mean + o, where o is the total standard error for
the strong ground motion. Table B.2 shows an illustration of strong ground motion for scenario
earthquake 175 (Verdugo, My, = 6.9). The first column indicates the scenario 1D, which is
defined in Table B.1. The second and third columns define the geographic coordinates for the
grid points. The fourth, fifth, and sixth columns show the mean, mean + o, and mean - ¢ PGA,
respectively. In a similar fashion, the remaining columns show the mean, mean + o, and mean -
o PGV, Sao2, and Sa, respectively. Please note: due to limited space, only 41 of 572 grid points
areshown in Table B.2.



Table B.1. Characteristics of 59 Scenario Earthquakes

Scenario Scenario Magnitude Annual Occurrence
ID Name Mw Frequency
12 el15 6.8 3.60E-03
18 SAF - Mojave 7.3 4.13E-03
19 SAF - Carrizo 7.4 2.28E-03
21 SAF-All southern segments 8.1 3.00E-03
22 SAF - 1857 7.8 9.61E-03
23 SAF - Southern 2 segments 7.7 3.37E-03
118 Holser 6.5 1.66E-04
119 Hollywood 6.4 6.64E-06
120 Raymond 6.5 7.41E-04
122 Clamshell-Sawpit 6.5 1.06E-03
141 Newport-Inglewood offshore 7.1 2.56E-03
145 Coronado Bank 7.6 1.75E-03
159 Newport-Inglewood 7.1 8.10E-04
160 Newport-Inglewood 6.6 2.37E-03
161 Newport-Inglewood 6.6 5.58E-04
162 Newport-Inglewood 6.6 1.50E-04
166 SierraMadre 7.2 7.45E-04
167 SierraMadre 6.7 4.40E-03
168 SierraMadre 6.7 2.21E-04
169 San Gabriel 7.2 1.53E-03
170 San Gabriel 6.7 9.97E-05
171 San Gabriel 6.7 1.27E-03
173 Malibu Coast 6.7 2.70E-06
174 Santa Monica 6.6 5.23E-04
175 Verdugo 6.9 9.65E-04
176 Verdugo 6.4 1.57E-05
177 Verdugo 6.4 2.84E-06
189 Oak Ridge-onshore 7 4.13E-03
191 Oak Ridge-onshore 6.5 3.86E-03
195 San Cayetano 7 6.86E-03
196 San Cayetano 6.5 6.03E-03
198 Santa Susana 6.7 3.01E-03

202 Simi-Santa Rosa 7 6.35E-04
203 Simi-Santa Rosa 6.5 2.87E-04
219 Anacapa-Dume 7.5 9.36E-04




TableB.1. (Continued)

Scenario Scenario Magnitude Annual Occurrence
ID Name Mw Frequency
220 Anacapa-Dume I 5.70E-04
221 Anacapa-Dume 7 9.43E-04
222 Anacapa-Dume 6.5 1.29E-06
370 Northridge 7 1.43E-03
371 Northridge 6.5 2.88E-04
372 Northridge 6.5 2.37E-05
378 Channel I1sland Thrust 7.5 5.12E-04
388 Upper Elysian Park 6.4 6.13E-05
397 Puente Hills blind thrust 7.1 8.63E-04
398 Puente Hills blind thrust 6.6 1.04E-05
399 Puente Hills blind thrust 6.6 8.21E-05
440 Cucamonga 6.9 6.18E-03
443 Sierra Madre-San Fernando 6.7 9.41E-04
444 Palos Verdes 7.3 1.05E-03
446 Palos Verdes 6.8 8.20E-04
447 Palos Verdes 6.8 6.24E-04
451 Palos Verdes 6.3 3.27E-03
452 Palos Verdes 6.3 1.44E-03
453 Palos Verdes 6.3 2.07E-03
454 Palos Verdes 6.3 2.17E-03
559 Background Source 7 1.05E-03
560 Background Source 7 7.75E-04
561 Background Source 7 1.29E-03
562 Background Source 7 7.63E-04

The standard error, iner-event, @ssociated with inter-event variability to account for only
the “source” effects (Wang 2006) is estimated as 0.31 for PGA, PGV, and Sa1, and 0.35 for Sap2
(Lee et a. 2005). Since the Gine-event 1S the standard deviation of the natura log of the strong
ground motion, the strong motion data corresponding to mean + Ginter-event, CaN be calculated from
the mean strong motion data by:

mean * o

inter—event — mean x eXp(iG (Bl)

inter—event)



¢ & & ¢ & ¢ & ¢ @& ¢ ¢ s & 0 @ 0 0 @ w0

s ® ® ® ® & ® ® ® & & 8 & ® © © © ©
s & & & & & & & & & B B B G G O
s & & & & ® ® 8 ® & & 8 8 8 G B @
s ® & & @ s & 8 & ® ® & 8 8
s ® @ o e ® s & & & ®
® s & & & ®
¥ s & 8 & & & @

® af ® ® & ® & & @ @

® o s & e & @
s & @ ® @ s ®
s ® @ & @ ®
s & @ ® ®
s & @ e} ® ® 5 s ®
s & & & @ 8 @ ® e 8 @
s & & & @ @ s & 8 @
s & o ° @ @ -ﬁ e s @
& & & & & ® B & & & & @ e & 8 @
s & & & & & & & & & 8 8 s ® 8 ®
® & & & & & ® B & & & @ e & & & ®
s & ® ® ® ® & ® ® 8 & 8 ® o 8 @
s & & @ @ & & & ® ® @ 5 s o @
e & & & & & & & & B @ . ® ® ®
® & & & & B & B ® & @ /{(r’. e & ®
s & ® & ® & ® ® ® 8 @ ® ®e s @
s & ® & & ® & & & & & 8 & 8 ® 8 ®
& & & & & & ® B ® & & & & & & C & ®

e Kilometers ® 572 Grid Points
0 o5 10 20 — LADWP Pipelines

Figure B.1. Spatia Distribution of 572 Grid Points for Strong Motion Data
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Table B.2. Illustration of Strong Ground Motion Datafor Scenario Earthquake 175
SCEMID |LATITUDE LONGITUDE PGA

-118.71
-118.68
-118.65
-118.62
-118.59
-118.56
-118.53
-118.50
-118.47
-118.44
-118.41
-118.38
-118.35
-118.32
-118.29
-118.26
-118.23
-118.20
-118.17
-118.14
-118.11
-118.08
-118.71
-118.68
-118.65
-118.62
-118.59
-118.56
-118.53
-118.50
-118.47
-118.44
-118.41
-118.339
-118.35
-118.32
-118.29
-118.26
-118.23
-118.20
-118.17

0.1448390
0.1564650
016893770
01838170
02107270
0.2335570
0.2695250
0.2946370
0.3210080
0.3471120
0.37060580
0.3870750
0.3907380
0.3769760
0.35227590
0.32a0750
0.3051400
0.2916040
0.2774500
0.2590060
0.2415240
0.2223210
0.1529230
0.16663570
0.1822590
0.2055550
0.2403910
0.2744470
0.3042430
0.337B520
0.3736460
0.4094560
0.4401550
0.4614540
0. 4666720
0.4398770
0.4057650
03718020
0.3513300
0.3334850
0.3129880

PGA+

0.2285480
0.2482000
0.267 2680
0.2900540
0.3325150
0.3764940
0.4253030
0.4649220
0.5065340
0.5477240
0.5848000
0.6107840
0.6165630
0.5945450
0.5558770
0.5176540
0.4514950
0.4601360
0.4378010
0.4056990
0.3815860
0.3508100
0.2413050
0.2629440
0.2875950
0.3311460
0.3793250
0.4330620
0.4800800
0.5327970
0.5895940
0.6461470
0.6846110
0.7251500
0.7363540
0.6941030
0.6402760
0.5666540
0.5543800
05262220
0.4935790

FPGA-

0.09178593
0.0991600
0.1073400
0.1164910
0.1335450
01512070
01708100
01867220
0.2034340
0.2199770
0.2348670
0.2453030
0.2476240
0.23539030
0.2232510
02079120
0.1933780
0.1848000
01755250
01641410
01532520
0.1408920
0.0969128
0.1056040
0.1155040
0.1325950
0.1523440
01739260
0.1928090
021359820
0.2367520
0.2595050
0.2789650
0.29243590
0.2957 450
0.2787650
0.2571470
0.2356240
0.2226500
0.2113410
01933510

PGY

11.3036000
1205289000
129556000
13.9186000
155122000
17.13359000
18.8921000
20.4119000
220255000
23.6503000
253673000
26.8713000
27 8214000
267070000
24.7543000
22.9390000
21. 4185000
20.5116000
19.5743000
18.4761000
174571000
16.28585000
11.8577000
1278259000
13.82459000
14.4833000
172667000
192065000
20.9915000
229523000
251553000
27 4414000
2975592000
32.2869000
34.8570000
32.6521000
291647000
2B.2511000
24 6743000
23.3766000
21.9457000

PGEY+
20.1928000
21.6028000
231510000
24.6641000
27.7110000
30.60s0000
33.7489000
36.4637000
39. 3462000
423203000
45.3159000
450025000
493427000
47 7093000
442209000
41.0674000
38.2619000
J6.6418000
34.5685000
33.0056000
31.1853000
29.0983000
21.1826000
228353000
24 6967000
27 6501000
30.5451000
34.3145000
374991000
41.0556000
44.9373000
49.0212000
£3.16158000
57 8772000
B2.2684000
58.3295000
52.0997000
45.5945000
44.0791000
41.75939000
39.2037000

PGEY-
B.3276300
B.7694600
7. 2546200
77914500
86835400
9.5913400

105756000

11.4263000

123256000

13.2675000

142002000

150422000

154621000

149502000

13.8571000

128685000

11.98595000

114521000

109573000

103427000
87722700
91182600
B.6375100
7. 1556900
77389800
8 6676000
9 BE5EE00

10.75258000

11.7508000

128652000

14.0816000

15.3613000

166583000

18.0735000

19.5125000

182752000

16.3260000

146950000

13.8127000

13.0859000

12.2845000

SA02

0.3349580
0.3625240
0.3930600
0.4272110
0.4300520
0.5552630
0.6276450
0.6670650
0.7498710
0.5125860
0.8695370
0.9093260
0.9131500
0.586590650
0.6297310
07724810
07176720
0.6853540
0.6514550
0.6074570
0.5666750
0.5203530
0.3541130
0.3565420
0.4234320
0.4578560
0.55359500
0.6352720
0.7080660
0.75E5400
0.5715110
0.9566330
1.0295100
1.0779500
1.0861500
1.0264900
0.9512440
0.5742000
0.6267340
0.7850070
0.7362280

SADZ+

0.5452040
0.5943480
0.6444110
0.7004000
0.8034760
0.9103380
1.0290100
1.1264300
1225935900
1.3322100
1.4255800
14903200
1.4053500
1.4540600
1.3603200
1.2664600
11766000
1.1236200
1.0651100
0.99595590
0.9290480
0.8531550
0.5805550
0.6337250
0.6942060
0.7995270
0.9164450
1.0454300
1.1608600
1.2855100
1.4285200
1.6683700
1.6880100
1.7672800
1.7807100
1.6829100
155595400
1.4332300
1.3554100
1.2870000
1.2070500

SA02-

0.2043Z70
02211220
0.2397480
0.2605780
0.2989260
0.3356540
0.3528350
0.41907590
0.4573850
0.43563550
0.5303760
0.5545450
0.5600520
0.5409700
0.5060960
0.4711760
0.4377460
0.4180330
0.3973510
0.3705380
0.3456440
0.3174090
021559520
02357720
0.2582740
0.2975650
0.3409570
0.3393150
0.43185860
04797520
0.5315800
0.5835000
0.6250100
0.6575000
0.6624570
0.6261130
0.5302130
0.5332200
0.50426580
04785170
0.4490640

SA1 SA1+

0.1194570|0.2133980
012779590 02252990
0.1369580| 0.2448610
0.1470930| 0.2627650
0.1639340/| 0.2925510
0.1810720| 0.53234660
0.1996530 | 0.3566600
0.2157140|0.3853500
0.2327660|0.4155130
0.2503600| 0.4472430
0.2680820|0.4783010
0.2835780| 05072960
0.2919040| 0.5214560
0.2822410|0.5041940
0.2616040| 0.4673290
0.2423450| 0.4340030
0.2263520| 0.4043530
0.2167660| 0.3572330
0.206686580 | 0.3695490
0.1952560| 0.34558040
0.1844580| 0.53295650
01721410/ 0.3075120
0.1253130| 0.2235590
0.1350900| 0.2413240
0.1461020| 0.2602960
0.1636330|0.2923130
0.1824750| 0.3255730
0.2030000| 0.36526350
0.2218390| 0.3952920
0.24257590| 0.4335770
0.2655420| 0.4745000
0.2800020| 0.5180590
0.31445970| 05613160
0.3412090| 0.6095350
0.3683710| 0.6550550
0.3450680| 0.6164290
0.3082140| 0.5505920
0.2774230| 0.49555860
0.2607660| 0.4655310
0.2470460| 0.4413210
0.2319230|0.41430710

SAL-

0.0668707
0.07 15400
0.0766E2
0.0823404
0.0817681
01013620
01117630
01207540
0.1303000
0.1401480
0.1500650
0.1589670
0.1634040
0.1579950
0.1464430
0.1359250
0.1267050
0.1213440
0.1158020
0.1093020
0.1032740
0.0963623
0.0701487
0.07a6216
0.0817859
0.091559596
01021470
0.1136360
01241820
0.1359600
0.14@5150
01623320
01760510
0.1310040
0.2082050
0.1931650
01725340
0.1552970
0.1459730
0.13525930
01298270



B.3 H20NET ANALYSISOF LADWP WATER SUPPLY SYSTEM

The system characteristics of the LADWP water supply system have been consolidated
into a hydraulic network model (LADWP 2002) by LADWP engineers using a commercial
software, H2ONET (MWH Soft, Inc. 1999). H20ONET is an interactive, multi-application
software program for the modeling of water distribution piping systems. It combines a point and
click interface for network construction, drawing, and database management. It contains highly
advanced and computationally efficient hydraulic and water quality simulation modules based on
EPANET (EPA 2005), and a graphical interface running within AutoCAD (Autodesk 2005) for
the Windows environment. H2ONET not only is capable of construction and maintenance of the
water supply system data inventory with reference to spatia coordinates, but also offers flexible
data exchange with other software, such as EPANET and GIS, enabling integration with other

relevant information and data.

The components in the H2ZONET hydraulic network analysis can be divided into two
broad categories: link-type components, such as pipelines, and node-type components, such as
demand nodes. For stochastic simulations, GIRAFFE needs damage information for both the
link-type and node-type components. This section describes how to export data from H20ONET
to GIS for both the link-type and node-type components, after a brief description of the LADWP
water supply system.

B.3.1 System Description

Figure B.2 shows the LADWP water supply system in H20ONET. The system provides
water to about 3.8 million people in a service area of approximately 1,200 km?. The total water
consumption of the LADWP system in a typical summer and winter day is about 2.5x10° and
1.2x10° m®, respectively. The water is distributed primarily by gravity flow from north to south
throughout the LADWP service area. The H2ONET hydraulic network model contains 9,287
nodes and 10,665 links, representing about 2,186 km of pipelines, 1,052 demand nodes, 591

control valves, 110 tanks and reservoirs, 151 local groundwater wells, and 284 pumps.
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Figure B.2. Overview of LADWP Water Supply System in H2ONET

B.3.2 Exporting Link-type Component Datato GI S

The procedures to export link-type component data from H20ONET to GIS are illustrated

in this section using the pipe data as an example. To export the data from H20ONET to GIS,

e (o tothe H2ONET drop-down menu Exchange | Export Manager ...and click on
it, as shown in Figure B.3

e aH20ONET Export window will open, select Pipe in Export Source, Domain in
Element Scope, Shapefile in Format, name your file and specify your
destination to store thefile.

e Click Next button, and another window will open

e Click Next button, and another window will open

e Click Finish button
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(d) Step 4

Figure B.3. Exporting Pipe Datafrom H20ONET to GIS (Continued)

B.3.3 Exporting Node-type Component Data to GI S

The procedures to export node-type component data from H20ONET to GIS are illustrated

in this section using the junction data as an example. To export the data from H20ONET to GIS,

e (o tothe H2ONET drop-down menu Exchange | Export Manager ...and click on
it, asshown in Figure B.4
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(d) Step 4
Exporting Junction Data from H20ONET to GIS (Continued)

a H20ONET Export window will open, select Junction in Export Source,

Domain in Element Scope, Shapefile in Format, name your file and specify

your destination to store thefile.

Click Next button, and another window will open
Click Next button, and another window will open
Click Finish button

12



GIRAFFE accounts for the damage to distribution pipelines implicitly by adjusting the
nodal demands and requires mean pressures of the undamaged, local distribution systems to
facilitate such adjustment (Shi 2006 and Wang 2006). To obtain the mean pressures of the loca
distribution systems, the pressures at each node of the system must be first exported to GIS by

the following procedures:

e (o to the H2ONET drop-down menu Tools | Run Manager ...and click on it, as
shown in Figure B.5

e A Run Manager Window will open, and click Run button after choosing the
appropriate settings and model.

e After the simulation is finished, go to the H2ONET drop-down menu Tools |
Output Report/Graph...and click oniit.

e An Output Report Manager Window will open, and click on the New button

e An Output Report & Graph Window will open, select Junction Report, and click
OK.

e Anwindow will open showing the hydraulic analysis results at all nodes

e Select al the results and copy them.

e Open Microsoft Excel, paste all the node results to a new spreadsheet, and save it
asNode Pressure.dbf inadBASE IV (*.dbf) format, which can be directly linked
to ESRI ArcGIS or Manifold System.
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B.4 GISSPATIAL ANALYSISAND EXCEL SPREADSHEET CALCULATION

After the seismic hazard in the LADWP water supply system is characterized by the 59
scenario earthquakes and the system characteristics of the LADWP system are exported from
H20NET, GIS spatial analysis and Excel spreadsheet calculations are followed to generate the
system damage files in GIRAFFE format. This section first describes how to calculate the mean
pressures at each demand node, followed by interpolation of strong ground motion data and site
condition correction. Then it demonstrates the procedures to assign strong ground motion
demands to both link-type and node-type components of water system. This section uses the
Scenario 175 Verdugo earthquake as an illustration, and the same procedures apply to each of the

59 scenario earthquakes.

B.4.1. Importing LADWP Water Supply Systemin GIS

To import the LADWP water supply system into a GIS, launch ESRI ArcGIS or
Manifold System 7.x and add the pipe (epa pipes in this example) and junction data
(epa_junctionsin this example) in ArcMap or in your Manifold project, as shown in Figure B.6(a)
(ArcGIS) and B.6(b) (Manifold System). After importing both shapefiles, assign their projection
to be State Plane — California 5, North American Datum (NAD) of 1983, with units of feet. To
do thisin Manifold, right click on each file and select Assign Projection. In the pop-up window,
go to National Grids | State Plane (NADB83, feet) | State Plane — California 5, and make sure
that the center latitude/longitude, offset, scale, false easting/northing, and units match what is
shown in Figure B.6(c). To project the shapefiles in ArcGIS, open ArcToolbox and go to Data
Management Tools | Projections | Project Wizard (shapefiles, geodatabases). Follow the
instructions in the Projection Wizard and in the Spatial Reference Properties window click the
Select button to select a predefined coordinate system. In the Browse for Coordinate System
window, go to Projected Coordinate Systems | State Plane | NAD83 (Feet) | NAD 1983
StatePlane California V FI PS 0405 (Feet).prj and click the Add button.
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After projecting the shapefiles, cal culate the mean pressures at local distribution systems:

Right-click on epa_junctions and select Joins and Relates | Join... from the pop-
up menu, as shown in Figure B.7(a).

A Join Data window will open. Assign the parameters as shown in Figure B.7(b)
to join the node pressure data, Node Pressure.dbf, to the epa_junctions shapefile.
Right-click on epa_junctions and click on Open Attribute Table in the pop-up
menu. The attribute table of epa_junctionswill open.

Find the attribute column named epa_junctions.Zone, and right-click the header
of the column.

Click on Summarize... in the pop-up menu.

A window will open. Assign the parameters as shown in Figure B. 7(e) to
generate a file named MeanPressure.dbf containing the mean pressures for each
local pressure zone

Right-click on epa_junctions and go to the pop-up menu Joins and Relates |
Join..., asshownin Figure B. 7(a).

The Join Datawindow will open. Assign the parameters as shown in Figure B.7(f)

to join MeanPressure.dbf to epa_junctions.
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Figure B.7. Calculating Mean Pressure for Each Local Pressure Zone (Continued)
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(e) Step 5
Join Data &\
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[ ]
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u 2 Choose the table to join to thiz layer, or load the table from disk: 0
[ ]
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[ ]
[ ] [v Show the attribute tables of layers in this list :
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[ []

3. Choose the field in the table to base the join on: =

Advanced...

About joining data... aK | Cancel |

(f) Step 6
Figure B.7. Calculating Mean Pressure for Each Local Pressure Zone (Continued)
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GIRAFFE considers demand nodes in the LADWP trunk line system as an approximation
of local distribution systems and adjusts the nodal demands to simulate the local distribution
pipeline damage indirectly. Therefore, only the information regarding the demand nodes is
required in GIRAFFE simulations. To obtain the GIS data containing the demand nodes only:

e Oopen the attribute table of epa_junctions, as shown in Figure B. 8(a).

e Click onthe Option button at the bottom of the attribute table.

e Click on Select by Attributes... in the pop-up menu.

e Inthe Select by Attributes window, key in the syntax as shown in Figure B. 8(b),
and click Apply button.

e Right-click on epa_junctions and go to the pop-up menu Data | Export Data...,
as shown in Figure B. 8(c)

e An Export Data window will open. Name the data DemandNode, as shown in
Figure B. 8(d)

B.4.2. Strong Ground Motion Data | nterpolation

As described in Section B.2, strong ground motion data are generated at 572 points for
each of the 59 scenario earthquakes. The data are provided in a *.txt format and cannot be
directly used by ESRI GIS. To convert the file format, open the strong ground motion data file
(e.g. 175.txt for the scenario 175 Verdugo earthquake) in Microsoft Excel, and save it in dBASE
IV (*.dbf) format (e.g. 175.dbf). To add the strong ground motion datato GIS,

e (goto ArcMap drop-down menu Tools | Add XY Data...and click on it, as shown
in Figure B.9(a)

¢ In the open window, assign the parameters as shown in Figure B.9(b), and click
the Edit... button.

e A window will open. Click the Select... button as shown in Figure B.9(c).

e Another window will open. Go to Geographic Coordinate Systems | North
America | North America Datum 1983.prj, and click the Add button.

27



e Right-click on 175 Events, and go to Data | Export Data... in the pop-up menu,
as shown in Figure B.9(g).

e A window will open. Generate strong motion data in GIS format (*.shp) named
175 Data as shown in Figure B.9(h).
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(a) Step 1
Figure B.8. Generating GIS Data for Demand Nodes
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Select by Attributes

Enter a WHEF!E clause to select records in the tsbl. window.

Method : . |Ereate a new zelection j :
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(b) Step 2

Figure B.8. Generating GIS Data for Demand Nodes (Continued)
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(d) Step 4
Figure B.8. Generating GIS Datafor Demand Nodes (Continued)
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(a) Step 1
Figure B.9. Importing Strong Ground Motion Datain GIS
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Add XY Data

A table containing # and ' coordinate data can be added ta the
map az a layer
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(c) Step 3
Figure B.9. Importing Strong Ground Motion Datain GIS (Continued)
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Browse for Coordinate System &\
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(f) Step 6

Figure B.9. Importing Strong Ground Motion Datain GIS (Continued)
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(h) Step 8
Figure B.9. Importing Strong Ground Motion Datain GIS (Continued)



As described in Section B.2, the mean, mean + o, and mean - ¢ value of the ground
motion are provided, as well as an estimate of Ginter-event. 1N the seismic performance eval uation of
the LADWP water supply system, the mean + Ginter-event PGV are used (Wang 2006). To calculate

the mean + Ointer-event PGV,

e Open attribute table of 175 _data, as shown in Figure B.10(a).

e Click the Option button at the bottom of the attribute table and select Add
Field... in the pop-up menu.

e Create a new attribute column named SM_PGV with the parameters specified in
Figure B.10(c).

e Right-click the header of the SM_PGV column and select Calculate Values... in
the pop-up menu, as shown in Figure B.10(d).

e Ignore the warning message by clicking the Y es button.

e Key in the syntax in the Field Calculator window and click OK, as shown in
Figure B.10(e).

The PGV contours based on the mean + Giner-event Value are then generated in GIS using

the Geostatistical Anayst module by the following procedures:

e (o to Geostatistical Analyst | Geostatistical Wizard..., as shown in Figure
B.11(a).

e The Geostatistical Wizard window will open. Assign the parameters as shown in
Figure B.11(b), and click Finish button.

e A color contour surface will be generated as shown in Figure B.11(c).

e Right-click the contour surface, and select Properties... in the pop-up menu, as
shown in Figure B.11(d).

e A layer properties window will open. Check Filled contours, click the
Symbology tab, and then click the Classify... button, as shown in Figure
B.11(e).

e A classification window will open, as shown in Figure B.11(f).
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e Change the parameters in the classification window as shown in Figure B.11(g),
and click OK.

e The color contour surface changes the intervals to 5 cm/sec, as shown in Figure
B.11(h).

e Right-click the contour surface and go to Data | Export to Vector ... in the pop-
up menu, as shown in Figure B.11(i).

e A window will open. Assign the parameters to generate a GIS file name
SM_PGV_B, as shown in Figure B.11(j).

e AddSV_PGV_Btothe ArcMap, as shown in Figure B.11(k).
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Figure B.10. Calculating Mean + Ginter-event PGV
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(c) Step 3
Figure B.10. Calculating Mean + Ginter-event PGV (Continued)
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Figure B.10. Calculating Mean + Ginter-event PGV (Continued)
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(b) Step 2
Figure B.11. Generating Contour Surfaces for PGV at Rock Sites (Continued)
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Figure B.11. Generating Contour Surfaces for PGV at Rock Sites (Continued)
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Figure B.11. Generating Contour Surfaces for PGV at Rock Sites (Continued)
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Figure B.11. Generating Contour Surfaces for PGV at Rock Sites (Continued)
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Figure B.11. Generating Contour Surfacesfor PGV at Rock Sites (Continued)

The strong ground motion data described above are generated for the rock site conditions,
i.e.,, NEHRP B or BC category site conditions (FEMA, 2003). However, the site conditionsin the
LADWP water system service areas do not necessarily fall into the NEHRP B or BC site
categories. The NEHRP site conditions are divided into 6 categories, from A to F, representing
the site conditions from hard rock to soft soils, to soils requiring site specific evaluation.
Intermediate categories, such as BC, CD, and DE, can also be assigned to accommodate the site

conditions that fall close to the category boundary.
Wills et al. (2000) developed a site-condition map for California based on geologic units

and the average shear wave velocity in the upper 30-m subsurface layer. The GIS data for the site
conditions used in this study are provided by California Geological Survey, and the effects of site
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amplification are accounted using the NEHRP-HAZUS approach (Wang 2006). The PGV for
category site conditions (other than B and B/C) can be calculated by

Vpi = FPGVinB (B.2)

where V|, isthe PGV for category site condition i (i.e., site conditions corresponding to A, C, D,
or E), Vps isthe PGV for site category B, and Fpgyi is the correction factor for site condition i,
given by Table B.3.

The site condition data are added to ArcMap, as shown in Figure B.12(a). To make the

correction for site conditions, the following procedures are utilized:

e (o to the drop-down menu Tools | GeoProcessing Wizard..., as shown in Figure
B.12(b)

e In the GeoProcessing window check Intersect two layers, and click the Next
button, as shown in Figure B.12(c).

e A window will open. Specify the parameters as shown in Figure B.12(d) to
generate anew GISfilenamed SM_PGV_Soils, and click the Finish button

e AddSM_PGV_Sailsto ArcMap, as shown in Figure B.12(e).

e Open the attribute table of SM_PGV_Soils and click the Option button at the
bottom of the attribute table window. Go to Add Field... in the pop-up menu, as
shown in Figure B.12(f).

e Create an attribute column named PGV, and specify the parameters as shown in
Figure B.12(g).

e Right-click on the header of PGV column with and go to Calculate Values... in
the pop-up menu, as shown in Figure B.12(h).

e A field calculator window will open. Key in the syntax as shown in Figure B.12(i),
and click OK.

e Click the Option button at the bottom of the attribute table window, and go to
Add Field... in the pop-up menu, as shown in Figure B.12(j).
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Create an attribute column named PGV _Soils, and specify the parameters as
shown in Figure B.12(k).

Click the Option button at the bottom of the attribute table window, and go to
Select by Attributes... in the pop-up menu, as shown in Figure B.12(1).

A window will open. Key in the syntax to select site condition CD as shown in
Figure B.12(m), and click the Apply button.

Right-click on the header of PGV _Soils column and go to Calculate Values... in
the pop-up menu, as shown in Figure B.12(n).

A field calculator window will open. Key in the syntax to make correction for site
condition CD as shown in Figure B.12(0), and click OK button.

Repeat the last four steps for correction of other site conditions listed in Table B.3.

Table B.3. Site Condition Correction Factor Fpgy for PGV

14 cm/sec | 23.67 cm/sec | 33.13 cm/sec
SteClass | PGV<14 | <PGV< <PGV < <PGV< | PGV>425
cm/sec 23.67 cm/sec | 33.13cm/sec | 42.5 cm/sec cm/sec
A 0.8 0.8 0.8 0.8 0.8
B 1.0 1.0 1.0 1.0 1.0
C 1.7 1.6 15 14 1.3
D 24 2.0 1.8 1.6 15
E 3.5 3.2 2.8 24 24
E __a _a _a _a _a
AB 0.9 0.9 0.9 0.9 0.9
BC 1.0 1.0 1.0 1.0 1.0
CD 2.05 1.8 1.65 15 14
DE 2.95 2.6 2.3 2.0 1.95

Note: a: Site-specific geotechnical investigation and dynamic site response anal yses should be performed.

b: Use straight line interpolation for intermediate val ues of PGV.

48




m0-75
m 75 77EATILT
= B 175 _data

-

= B Demarchode
.

= B epa_pipes

L |
Dirglay F a0 oy
| Drawing ~ ﬁ"ﬁliﬁ-..-:_-A.;'sEIW—..lJ Sifi el B2

() Step 1 |
Figure B.12. Site Condition Correction

49



= 175.mxd - ArcMap - Arcinfo

Elle Edit View Insert Selection Tools Window Help

DS B> o 2f Editor Toolber Edtes (T [ =

Gumunm@es By Gxs P Spatial Analyst =
Reports 4 T T
Geocoding ’

v Agd XY Data,.,

2 Route Evenils GeoProcessing Wizard. .

m
= B Soll_Category_MADE:
= 4 Buffer Wizard. ..
® SM_PGYB b oesig wiard |
=1 & ArcCatalog I
Local Polyromial It

Prediction Mg ERe
[175_data) [sM_pr  Customize..

a

Filled Contours Extensions. .

7.2%68- 10 Styles .
5 (']

10-15 Cptiors.. .:Lr\ ke

15- 20
20-25
5-20
30-35
35-40

m 40 - 45

m45-30

m50-55

- 55 - 60

-E0-BS

mES- 70

m70-75

m 75~ 77867117
= B 175_data

) I

.
= B Demandhode

.
= M epa_pipes

L3 »

Ol same|  [@e |74 S

Drawigs &k © O A~ ] Bz g Ar B S -

Brings un e GeoProcessing Wizard B2A0N06.67 16E47T 40 Fent

GeoProcessing Wizard

Choose a GeoProcessing operation, then click the Ah_uut Ime_rsect .

Mext buttan ta choase options. This operation cuts an input
layer with the features from
an averlay layer to produce

" Dissolve features based on an attribute an output layer with features
that have attribute data from
" Merge layers together both layers.

" Clip one laper based on another O _ @
.IIIIIIIIIIII- + -
L}

5% |nterzect bwo lapers ™
B EEEEEEEEEEEE Input Cwerlay  Output
" Union two layers

Mare about Intersect... |

< Back I Mext > I Cahcel |

(c) Step 3
Figure B.12. Site Condition Correction (Continued)

50



GeoProcessing Wizard

= | About Intersect
LI : This operation cuts an input
& | layer with the features fram

m 1. Select the input layer bo intersect:

.
= |Sail_Category_NADS3

n i =2 Heaﬂu?es.oﬁlﬁr semsmRmEE an ovetlay layer to produce
Murnber of features: 8833 an output layer with features

gESEEEEMEEEEEENEEEEEEEEEEA | hat have attribute data from

m 2. Select a polygon overlay layer L}

" m| | bothlayers.

5 [sM_Pev_B =

!

T T T T T I T T . _
Murnber of features: 15
EEEER

L
® 3. Specify the output shapefile or feature class Input Cwverlay  Cutput

-

®  [CALADWP Training\GIRAFFE_Input\SM_PG!
“lllllllllllllllllllllll-. tare about Intersect... |

< Back | Firizh Cancel |

(d) Step 4

- 175.mxd - ArcMap - Arcinfo
Elle Edit View [sart Salection Tooks Window el _ _
DEus B> o - [Ea ][ &N Edttory | » [ # = Too. [t | I 2. 3@
GEHunOPE ik O Mg T | Gogstatistical Analyst = | R & 01 i Spatial Analyst = = @m
x al

= & Layers
o COLADWP Training\GIRAFFE_Ing
= SMPGV.Sall |

=

= O Soil_Categery_NADB3
m

= [ SM_FGY B

=
0 Lacal Palynamial Interpalation
Predliction Map
[175_data].[SM_PGV]
Filled Contours
7.23088- 10
10-15
15-20
20-25
5-30
0-35
m35-40
m 40 -45
m45-50
=50-55
m55-60
mE0-65
w6570
m0-75
m 7577867117
= B 175 data

= M Demandhiode

Bl epa_plpes

€ » = |
Display souaes | DR _’l_
Drawing= kO Ar i S0zl B 7 ujA-3rdy o

Opon attributn tablo for s bjer ) TIN50 1HIE08.63 Foot

(e) Step 5
Figure B.12. Site Condition Correction (Continued)

51



* 175.mxd - ArcMap - Arcinfo
File Edit View [reert Selection Tools Window Help

DS WS B =
@@_I::::W.F*Fiﬂﬂﬁr

BE A T A
Gagstatistical Analyst =

LA

=

- & Layers
O \LADWP Training\GIRAFFE_Ing
5 SMPGY.Sal |

(=)
= O Soll_Category_MADE3

=
0 sM_PeV_B
o
O Lecal Polymomial Interpolation
Prediction Map
[175_data) [SM_PGV)
Filled Contours

w Attributes of SM_PGV_Soil

T4 S

| T Pobann 432700 58650
L 2 Pobrgon 158725900
| 3 Pobpgon AR
B 4 Pobygon 6033375
| 5 Poksgon FTOG08 S06YR
| | & Pakpgon a1 3511
0 7 Pokoon 1765902 30106
H B Pabyoon D Ta)
| | 5 Pebygon 1348531330
B 10 Pobgon 720 ATEARD
| 11 Pk AEEEh
B 12 Pekgon 10252545 3716
u 13 Polyoon EAETIHNE
| | 14 Pabgrn SRR TR
] 15 Pelygon 35325
u 15 Potwgon ST et
| 17 Pebpgon TR PR
10 Pokoon | SUENETIT 6T
Record 14| of T im| Showe [ A1 Selected | Riscosts (0wl

]
0021595580
V2 AR
o P
12005 79740
4822 50000 |
RG0S
13054 420248
TR B TE

pib-Fozeil)
SR
T2 ENEN
2663792336

1878 8RN
AR AT
564, 200197

T

THMA 2

T

# Firdd 8 Replace...
B Selact By Abribites.

IENHEC

B Select All 1296607 0E
Aansm C
& Clear Selection s
£ Switch Selection 13azm |
T D 0
21M9%c
» 524545 T
h 24 TFRC DE
@ Create Graph TG 20635251 D€
ETik: -0
Add Table to Layout ! LHFEEC
£ Reload Cache F; 3572 D
el RERLE i
Expart... Tl 73 15555 06
a0 o
Appesarce

10 15
10 15
10 14
1] 15
n %
10 15
10 15
0 1%
10 15
10, 15
10 1%
10, 15
10! 15
10 1%
i) 15
| iE]
10 15/
1/ 15158

< ¥

Display §ennce *

Drawing= &k '/ O A v < |[fd

o

= =] B I g Ar By dr v

Adds a new field o the table

631775935 1670977.39 Feet

Add Field

u

: Narne: IPGV [ ]
u

L

: Type: IDoubIe ;I ‘:

AR AAAAAAAAAAAAAAY

(f) Step 6

— Field Properties

|Precision |18 |
|Scale |9 |
ENEEEEEENEEEEEEEEEEEEEE

o]

Cancel |

(9) Step 7

52

Figure B.12. Site Condition Correction (Continued)

&



* 175.mxd - ArcMap - Arcinfo

Flle Edit View [reert Selection Tooks Window Help
DEdHS B>
QRHEUIOPESER O M

g o] &R

Gagstatistical Analyst = L]

®

= & Layers
o COLADWP Training\GIRAFFE_Ing
- SHLPGV.Sal ]

m
= O Sall_Category_NADE3

m
= [ SM_PGV_B

=
0 Local Polyramial Interpalation
Predliction Map
[175_data].[SM_PGV]
Filled Contours

ﬂAunbumsof'M PGV_Soil

Il 0700 55658 | 30216650 | 043977 |

| HNGHT s 1736 e T ear e 0B

| AT 12605 RENE8 08 T 445 LT

L] T T 1205797288 TE8 e b 218412

| T SETS A SO0A0E TREE TR e arram

[ AR 6511 | 60 050215 77| 79 77 27| |

| 1 L IR0 TIE AN wre e wr 1.1 N =

| R TRTY T 06TRT0 TR ThES TR ORGSR T s 0 o)

] 1R TIIM nMIL T2 76T | 2 01IEMT| ZIUATEC | 560

| T sl L2 e TEES L] S LBk h2aman L)

| G5 T3 2mEmEn ] 6T b 2092706 24 200662 DE I L]

H V0L ITE 205EITHIN 551 T2 653 103U 20639291 DE | 180

| V146G TETR RS Thas s s i v ] RLE ke =] .

B SEEG, 1662 50 00077 ThdS, Thd4 55| Q55607 4a7E I =0

| E10A0M 635108 A AT 50 b TEan OE1ZNS A5E D 2m

B TR ITRT VA TS TS TR PhI 377 LERE <l 0
Venanazs W Tt A v e e T = wnace R wan

<

Bpcond 4] 4 O rin| Show[ Al Salscied | Becodt 100 of 34 Sclecied| [jhorss =

£ >
Dy soace | an
Drawing = & O Ax:
Caleutatn valios for this fiokd

Figure B.12. Site Condition Correction (Continued)

ot |
fd —— SIMEl e s u|Av Sy .gr s

Fislds Type Functions
sEEEEN
AREA Al Numberl: Abs[ ]
AREAT T‘.....-Atn[]
Classes =1 " Shing Coz[ ]
FID E_xp[ 1
PERIMETER " Date IF»;[[]]
PERIMETER1 3 an-g[ )
EGY o Sin( )
i i | l Sl ]
Pﬁyilllllllllllll_ I” Advanced

w05 " [Value_Max] +0.5 % MMalue_Min] m
N EEEEEEEEEEEEEEEN

Data loaded.

>

Cancel |

(i) Step 9

53

EFIOEES. 16 1740000 Foot

15 Delete Fleld
—

-




* 175.mxd - ArcMap - Arcinfo

Elle Edit View Irsert Selection Tools Window Help
DS By o & [T =2 &%

QuunO@ES B kO Ms T | | Gostatistical Analyst = | & & 55 » » [ =] | g

- & Layers
2 C\LADWP Training\GIRAFFE_Ing
5 SMPGY.Sal |

=]
= O Soll_Category_MNADE3

0
O SM_PeV B
=
O Local Polyromial Interpolation
Frediction Msp
[175_data] [SM_PGV]
Filled Contours
7.23088- 10

m Attributes of SM_PGV_Soil

E
TIFTRE AL " £
H fae b 087 16558 #4 Find & Replace.., =50 1
H 1507 25001 | 1295 MU | B Select By Attributes... 560 1
| NS IEEE B NS b nmsC S 1
u 21600303575 12908 757240 542 B Select All leéa? bE 100 i
u IR 50693 T 7681 0 Clear Selction s C ] i
|| 23611 BAY B (GG Ete) " i (D e 1
B 17690023716 132 420200 577, £ Switch Selection 7 © 50 1
| EEEL TAHTE T ORTE 5 I 1
| | 134558 N30 NP R 0 1
] 72 1an 520229160 689 0 i
| WERS TE 3 e Ensn TeER = DE L 1
] 1035546 5716 20664 712356 7453 B Crests Graph... lai51 DE 180 i
H 26206114516 187406528 54 A Teble toLayout [0 1 o 1
| LR TR & (AT s i = =l 1
0 CIMEESIS T4 0007 60 & Reload Cache lzms 0 I m 1
] TENST 3278 103730208 % E] m 1
B Vs s Ve e or =) Export... hoe i o T
— Appasrarce

Foecond 4] [ O 2[31] Showe [ A1 Selscted | Recosts 0ou ol Opearn—y

125
UL

Diplay Sounce | =
Drawing> & ' O~ A~ o fd
ks & naw fild tn the tbie

Add Field

 EEEEEEEEEEEEEEEsEEEEEEESN,
m Mame: PGY_Sails [
SEEEREEEREERREERREEREEER]
Type: Double [ ]
EEEEN EEEN L |
EEEEEEEEEEEN
— Field Propertie:
|Precision |18
|Scale |9

300199.51 174373167 Feat |

oK I Cancel |

(k) Step 11

Figure B.12. Site Condition Correction (Continued)




* 175.mxd - ArcMap - Arcinfo
File Edit View [reert Selection Tools Window Help

DEHS B7 a ag-,h-mm_ =] | N Edtr~ * - ==t =1 I =l =ja
QNP ESE kO M T | Gepstatistical Analyst = | B | 5| B s #[75] | Spatial Analyst = | . Y
* al
= & Layers &
8 C\LADWP Training\GIRAFFE_Ing
=]
= [ Soil_Category_MADES
m
= [ SM_PGV_B
=
O Local Polyromial Interpolation
Predliction Map
[175_data] [SM_PGV]
Filled Contours
| PERIMETER] | Ut
[Lhe ) o . 50 1
H nam M Find & Replace, 50 1 L
N | i g L) 1| | [
H 25112555 685 | Q410648 560 1 | [
-l 129 77248 | 1 2rea2 Bl Select All m 1] ! []
| 2 e S 7 nrram Clear Selaction L) 1 10 o
0 0 05015 %7 77| bt 239114 = : : 20| 1 7] | 0
H 134 40048 bzl 0 bl vrrasms B Switch Selction () 1 0 15 128 0
| PR DS TRI) &m T &m ORISR wf;lewl m 1 1 1 125 o
[ 27T 52| 7571 | T 01537 550, 1 10 15 125 o
H SR e Ty HEH T (R Related Tables v S 1 0 L] 124 [
| erz e | Tk THGT | i 20T P 180, 1 10, 15 125 [
5 b 751 0TS 100 1 0, 15 125 []
H 17 B Eas aa Ay FI= =) ) 1 i i 125 o
H Ackd Table to Layout
GG 082037 5 i 765 550G 560 1 10, 15 125 []
] 64 07| THa| 3| TEa omzs| O Reload Cadwe 2, 1l 1, 15 125 0
Eicke e T e TRl EXFET m 1 1] it 125 1]
1 T e e e @ T Export... 1on v n " e i
< >
Bocond Mo 7 s Show A1 Setscted | Pieconds 00wt of 384 Slecied | __'—szeam
ord e e e e I-
W T W i -
L T S S Y
L R R S S T T I T I
< > s |
Diglty Souace | an| 2y |
| Drawing= & 0 O7 A x| St el B s ou Ay By S o
Saloct records by CoMpoGInG & cuery BA1STIZA] LTR0C0E.03 Fort

() Step 12
Figure B.12. Site Condition Correction (Continued)

55



Select by Attributes

Enter a"WHERE clause to select records in the tabls window.
EEEEE NSNS NN NN SEEEEEEEEEEEEE,

. . .
.Method. |Eleateanewselectlon - |H
S EEEEEEEEEEEEEEEEEEEEEEEEEEEnmEEd

Fields: Unique walues:
"FID" ~ = <3 Like

"AREA" = J J J

"PERIMETER" » 3= And

"YSMAPYT_"

"WEMAPYT_ID" < <= Or

"POLYID" b J J

"AREAT % Mat

"PERIMETERT' J M

"SCAT" 3 < | =
LYTRTI=0 —J

g

¢ | S SOL Info...
L]

EEEEN 5
SELECT * FROM 5M_PGY_Soil WHERE: =
"WSCAT" = 'CD' AND "PGY" » 2367 AND "FGY"' <=33.13 :

L |

Clear | Werify | Help | Load... | Save... |

Apply | Cloge |

(m) Step 13
Figure B.12. Site Condition Correction (Continued)

56



* 175.mxd - ArcMap - Arcinfo

Flle Edlit View Jreert Selection Tooks Window Help

NSRS @ o - & [(#367 ST
Gepstatistical Analyst = @

U@ E RGN T

= £ Layers
o C\LADWP Training\GIRAFFE_Ing
5 SMPGV.Sall |

=

= O Saoll_Category MADES
o

= 0O 5M_Pev B

=
= [ Local Polyromial Interpalation
Prediction Map
[175_data].[SM_PGV]
Filled Contours
723088 - 10

w Attributes of SM_PGV_Soil

Uk
] ] | ) 3 3
|| 14T 28 o Ll ) 2a (A 19004719550 O bl [] =
] TSN 105581 Tk Ti&7 P P IR 34 BEEETD CO Eal 4 =
] 45 65200 7200 bk 7200 10129576 T4 0% €0 ko) 5] )
| T 1 M6 N 7168 R ST D k.l 5] )
B 5452719065 %1 % 7% % 124756 535600 C0 %0, 3 E)
| 19T NS X i) o 2081039014 1904193 O 0 L3 =
| | SRIT AUGE s T8 k] 1 2296 SR C a0 2 15/
] 77056 nn 740 Hn 122005 SEMT T 550, 1 10,
| 197 168 e M o 288 N 1S =N D & L] L
B 10471 06745 b T 3K ST 10434008 C 560 i 10,
H %662 312820 n 4% Hy a0 BEEIN D b 3 10
| | pEA R bl ner 68 AR TR D E ) 5 ]
] 505 22257 | 76 %5 7356 10| 35013 C0 0 2 15
| A3R63 EmEs = = =3 XEiaEs 53 84ERD D E 1) 3 X
B 157703 2165 030 b 0310 2481 036014 156041553 |0 m 5 %
u 1T 2165 | 00 fi=] 00 240 05014 1300413931 D | 3 »|
<

Recod | 4] G rim) Show [ A1 Selecied | Reconds (25 0ut of 364 Sebected | Dptent +

L »
Dipley souace | 20 o
oo = A Eh s A
Calulate vakues for this fiekd

Figure B.12. Site Condition Correction (Continued)
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B.4.3. Seismic Demandson Link-type Components

To determine the PGV that each pipeline is subjected to, the LADWP pipeline data layer
is combined with the corrected PGV contour surfaces in the ArcGIS using the “Intersect”
function. The “Intersect” function in ArcGIS not only combines the information from both input
data layers into an output layer, but also divides the pipelines according to the PGV contour
interval they fall into. Consider, for example, a pipeline that is so long that extends over three
PGV contour intervals, saying 40-45, 45-50, and 50-55 cm/sec intervals. The ArcGIS “Intersect”
function automatically divides the long pipeline into three new short pipelines and assigns a PGV
interval of 40-45, 45-50, or 50-55 cm/sec to each of them according to their locations,
respectively. A relatively small PGV interval of 5 cm/sec is utilized when devel oping the contour
surfaces, intending to determine the PGV values to each system component with relatively high
accuracy. The mean of the PGV interval (e.g., 42.5 cm/sec for 40-45 cm/sec interval) is taken as
the seismic demand for the system components located within the PGV interval. The detailed
procedures in ArcGIS are as follows:

e (o to the drop-down menu Tools | GeoProcessing Wizard... and click on it, as
shown in Figure B13(a).

e A window will open, check Intersect two layers, and click Next button, as
shown in Figure B13(b).

e A window will open, assign the parameters as in shown in Figure B13(c) to
generate anew GISfile, SM_PGV_Pipes, and click Finish button.
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Figure B.13. Assigning PGV to Pipelines
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(c) Step 3

Figure B.13. Assigning PGV to Pipelines (Continued)

Because the pipes may be divided by the “Intersect” function in ArcGIS, the length for
each divided pipe needs to be re-calculated. GIRAFFE can simulate damage to pipelines
composed of five different materials, cast iron (CI), ductile iron (Dl), riveted sted (RS), stedl
(STL), and concrete (CON). However, the H2ZONET database contains more material types than
the five specified. For example, there are several different steel pipes in the H2ZONET database.
Also, there are some pipes for which information about composition in the H2ONET database is
lacking. Therefore, additional GIS spatial analysis is needed to adjust the data. The detailed

proceduresin ArcGIS are as follows:

as shown in Figure B.14(a).
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Attributes... in the pop-up menu, as shown in Figure B.14(d).

Open attribute table of SM_PGV_Pipes, add a new attribute column Pipel ength

Calculate the length of each divided pipe in the Pipel ength column by keying in
the syntax in the field calculator window, as shown in Figure B.14(b), and
clicking OK button.
Add anew attribute column M aterial1 as shown in Figure B.14(c).

Click Option button at the bottom of attribute table, and click on Select by



A window will open. Key in the syntax as shown in Figure B.14(e) to select cast
iron (Cl) pipes, and click Apply button.

Right-click on the header of the Materiall column, and select Calculate
Values... in the pop-up menu, as shown in Figure B.14(f).

A window will open, and key in the syntax as shown in Figure B.14(g) to classify
cast iron pipes as Cl.

Repeat the last four steps to classify ductile pipes, concrete pipes, riveted steel
pipes, stedl pipes, and pipes without material information as DI, CON, RS, STL,
and N/A, respectively. See Table B.4 for a complete description of the material
reclassification scheme.
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Figure B.14. Adjusting GIS Data
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(c) Step 3
Figure B.14. Adjusting GIS Data
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Figure B.14. Adjusting GIS Data (Continued)

63



Select by Attributes

Enter a'WHERE clause ta select records in the table window.
REEEEN EEEEEEEEEEN

Method : = | Create a new selection j-
EEEEEEEEEEEEEEEEEEEEEEEERE
Fields: Unique sample values
"FID" A~ = < Like: o A
"o E Molox Bell & Bal —
"DESCRIPT"  — » b= And AR
"YR_INST" w7l
"YR_RETIRE" < <= Or i)'
"ZOME™ J J ! -
"MATERIAL" % Mot ! hd
“LIMIMNG" J M —
"COST_DY Am =
NDLACE" -
¢ | S SOL Infa... Cormplete List
LE

n amm
wSELECT *FROM SM_PGY_Fipes WHERE:

[ ]
[ ]
:"MATEHIAL"='CI' ]

EEEEsEEEEEEEEEEEEEEE

Clear | “Werify | Help | Load... | Save... |

Apply | Cloze |

(e) Step 5
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New Classes
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Original Classes

The GIS data are then exported to Microsoft Excel for spreadsheet calculation of repair
rate in each pipe. To export the GIS data, click on the Option button at the bottom of attribute
table, as shown in Figure B.15(a) and go to Export... in the pop-up menu. A window will open,
and a spreadsheet file named Pipes.dbf in dBASE IV format is generated, as shown in Figure
B.15(b). Open the Pipes.dbf in Excel, and delete all other columns except 1D, PGV_Sails,
PipeLength, and Materiall. Then, the repair rate for each pipe can be calculated using
regressions (Wang 2006). Figure B.16 shows the regressions used in this study, which are based
on the performance of water supply systems in the 1994 Northridge earthquake (Jeon 2002 and
Wang 2006). The repair rates for each section of pipe (after having divided the pipes using the
GIS “Intersect” function) were calculated individually, using the repair rate vs. PGV regressions.
These repair rate values were then integrated by a weighted average (relating the divided pipe
lengths to the original pipe length) to obtain one repair rate for the original long pipe. An equal-
weight average of five repair rates using the five regressions in the figures was applied to the
pipelines (about 7% of total length in the LADWP system) without composition information
available in the H2ONET database (e.g. MATERIALL = “N/A”). After the calculation of repair
rates, the Excel spreadsheet was saved in MS-DOS text format (*.txt) and then renamed
following the input file name convention of GIRAFFE (*.inp). Figure B.17 shows an illustration
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of the pipe damage file in GIRAFFE format. Be surethat the first line of the file matches exactly
what is shown. Note that length isin units of kilometers.
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Figure B.16. Regressions of Pipeline Repair Rate vs. PGV (Wang 2006)

PipelD Length RR Material
H26 0.0813727 0.00618749 STL
H28 0.428971 0.0631566 DI
H1210 0.254347 0.0631566 DI
H30 0.23626 0.0521385 DI
H670 0.178226 0.0867362 Cl
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H58 0.108612 0.00780834 STL

Figure B.17. lllustration of GIRAFFE Pipeline Damage File
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B.4.4. Seismic Demands on Node-type Components

The PGVs that the demand nodes are subjected to are determined by an ArcGI S function,
“Spatial Join”, which combines the information in the two input data layers (i.e. the demand
node layer and PGV contour surface layer) into an output data layer according to their spatial

positions. The detailed proceduresin ArcGIS are as follows:

e right-click on DemandNode, and go to Joins and Relates | Join... in the pop-up
menu, as shown in Figure B. 18(a).

e A window will open, specify the parameters as shown in Figure B.18(b), and click
OK.

= 175.mxd - ArcMap - Arcinfo

Elle Edit View Irsert Selection Tools Window Help
DS K 2 & [ =] 8 & Editog v il [Ccssil Thow P

5] =
SR g 7 | Gegstatistical Anatyst = R & w7 <] | g Spatial Analyst = -
QOGS Bk O M T | Gegstatistical Analyst [ =] tial Anal |
| - & Layers ! T
% Copy O . P i
= O SM_PGV_Pg ¥ Remove =
@ Open Attribute Table 1
- Ny [ oo | ]
_— :01 Py 6o @ Zoom To Liyer Remove Jin(s)  * L g i
Vislble Scale Range L3 Balate. 4 FF
= [ Soil_Categor  Salaction ] Remove Relate(s) » 4
0 SM_PEvV_B 1 T M
q \
O Local Polyrc = Convert Features to Graphics... ! U
Precictior  [ata I} 15 - L/t
= e - ™ = e AN
[175_dati Save As Layer File.., 1 - <! = ! ¢ it
Flllad Cor | Ry [y g 2
773068 - B Propertjes... [ - = ald - = "
g [P 5 |
15-20 =
0-25 =
- N  was s s s R 1
e | L T +
I5-40
4-45 N se e e e 1
mas=50 N e e e e e e 1 — }
- 50~ 55 :
= W R e |
m55- 60 5
mb0-6 1 & % % = m o= s = == - b
.;S ;\rj ........... .
m70-75 Al
W e S T e R [
L | PO PO PR PR . : 3%
* 7 o —
............. ko 8 L .
.....................
......................
......................
— 1 =1
D [ Sorce ] 30 =4 |
Drawing= & 0= A= &P o =] mrglA- B~ g =~
Join data m this layer hased on ocation or atrbute AZAOA5.65 1RG0G42. 36 Feat

(@) Step 1
Figure B.18. Assigning PGVsto Demand Nodes
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(b) Step 2
Figure B.18. Assigning PGV'sto Demand Nodes (Continued)

The GIS data are then exported to Microsoft Excel for spreadsheet calculation of repair
rate at each demand node. To export the GIS data, click on the Option button at the bottom of
attribute table, as shown in Figure B.19(a), and go to Export... in the pop-up menu. A window
will appear, and a spreadsheet file named DistributionD.dbf in dBASE 1V format is generated,
as shown in Figure B.19(b). Open the DistributionD.dbf in Excel, and delete al other columns
except 1D, PGV_Soils, and Ave Pressure. Then, the repair rates for the local distribution
pipelines are calculated using the regression for cast iron pipelines (Figure B.16) because the
majority of the local distribution lines are composed of cast iron (Wang 2006). After the
calculation of repair rates, the Excel spreadsheet is saved in MS-DOS text format (*.txt) and then
renamed following the input file name convention of GIRAFFE (*.inp). Figure B.20 shows an
illustration of local distribution pipeline damage file in GIRAFFE format. Be sure that the first

line in the file matches exactly what is shown.
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(a) Step 1

Export Data
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S NN NN NSNS NN EEEEEEEEEEEEEEEER

Ok, | Cancel |

(b) Step 2
Figure B.19. Exporting Demand Node GIS Datato Spreadsheet Cal culation
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ID G _RR Ave PRESSURE

H41 0.086736 84.1035
H473 0.086736 84.1035
H71 0.086736 84.1035
H83 0.086736 84.1035
H87 0.086736 84.1035
H121 0.086736 84.1035
H231 0.086736 84.1035
H253 0.086736 84.1035
H293 0.086736 84.1035
H1303 0.086736 84.1035
H1327 0.086736 84.1035
H867 0.067573 84.1035
H1211 0.067573 84.1035

Figure B.20. Illustration of GIRAFFE Local Distribution Pipeline Damage File
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APPENDIX C
GIRAFFE INPUT PREPARATION AND OUTPUT VISUALIZATION
USING MANIFOLD GIS

C.1 INTRODUCTION

This appendix provides a demonstration of how to prepare system damage input files for
GIRAFFE simulations using Manifold GIS, and how to use Manifold to create a cartographic
representation of GIRAFFE results. The system damage products of this appendix are identical
to those generated in Appendix B; therefore, the user may choose which method to use when
generating the system damage input files. The method presented in this Appendix is much more
efficient than the method used in Appendix B, though the user has less control over the results
using this method. This appendix focuses on preparing system damage files for stochastic
simulations by a series of manipulations and spatial analyses using Manifold GIS. The
preparation of the system damage file for deterministic simulations using Manifold GIS is
described in Section A.4 DETERMINISTIC SIMULATIONS of Appendix A. Although the
thought process of the input file preparation applies to other GIS and hydraulic analysis software,
this demonstration uses Manifold System 7.1. Users should be familiar with GIRAFFE,
EPANET, H20ONET, and Manifold before preparing GIRAFFE input files. For more information
on EPANET, H20ONET, and Manifold, users can refer to the EPANET User Manua (Rossman,
2000), H20ONET User Manua (MWH Soft, Inc., 1999), and Manifold System User Manual
(Manifold Net Ltd, 2006).

This appendix is tailored to the seismic performance evaluation of the Los Angeles water
supply system, which is operated by Los Angeles Department of Water and Power (LADWP).
For the details of the evaluation process, please refer to Wang (2006) and Shi (2006). For a brief
description of LADWP seismic hazard characterization and H20ONET analysis of the LADWP
water supply system, refer to Section B.2 LADWP SEISMIC HAZARD
CHARACTERIZATION and Section B.3 H20NET ANALYSIS OF LADWP WATER
SUPPLY SYSTEM of Appendix B.



C.2 GISSPATIAL ANALYSISAND CALCULATION USING MANIFOLD

After the system characteristics of the LADWP system are exported from H20NET, GIS
gpatial analysis is used to generate the system damage files in GIRAFFE format. This section
describes how to use the GIRAFFE system damage tool, which is linked to Manifold in order to
perform the spatial analyses and cal culations necessary to generate the damage files. This section
uses the Scenario 175 Verdugo earthquake as an illustration, and the same procedures apply to
each of the 59 scenario earthquakes.

This section also describes how to use the Manifold System Damage Add-In, which
formats the pipe data for use with the GIRAFFE system damage tool and performs the same
function as the GIRAFFE system damage tool.

C.2.1. Importing and Formatting Required Data in Manifold GI S

GIRAFFE requires specific GIS files to calculate the system damage. The following files
should be imported into a Manifold project and named exactly as shown unless otherwise
indicated:

e epa_junctions.shp — Shapefile containing points that represent junction data for
the entire system. Obtained by exporting data from H20NET model as explained
in Section B.3.3 Exporting Node-type Component Data to GIS. See Figure C.1
for table format.

e Epa pipes.shp — Shapefile containing lines that represent pipe data for the entire
system. Pipes have been segmented into 1000’ pieces and segmented at the soil
boundaries as described in Section C.2.3, Table C.1. Pipes must be segmented
before running the tool, but this must only be done when the system is updated.
Obtained by exporting data from H20NET model as explained in Section B.3.2
Exporting Link-type Component Datato GI S. See Figure C.2 for table format.

e Node Pressure.dbf — Table containing pressure values for each node in the
system. Created by exporting node pressure data from H20NET system model
(see Section B.4, Figure B.5 on pages 14-17). See Figure C.3 for table format.

There must be a column named node_pressure (all lowercase letters).



e Soil_Category NAD83 Drawing.shp — Shapefile containing polygons that
represent the soil typesin the area. Provided by California Geological Survey. See
Figure C.4 for table format.

e Pgvsurf — User generated, empty surface in which scenario peak ground velocity
(PGV) values are interpol ated.

epa_junctions Table * = |[B)
(] Dz ZONE DESCRIPT Y. ¥.. ELE¥A... P.. FaAC_TYPE SUBMODEL VIR... 1.5.. DMD_MODE &

. |E7230 1 MWD Mew Junction 0 o 27.55 o none CC o o M 1}
B ch alec) 477 Reqg Station Knox & M., 0 u] 45 u] Regulation Station [alsy u] u] M o
. |&7E3z (e} 240 Reqg Station Knox & M., 0 u] 45 u] Regulation Station [alsy u] u] M o
_ [27233 Lalar) 240 Demand Mode 0 [u] 41,33 [u] none ey [u] [u] i 3
B Lae] 477 Mew Junction 0 o 46,95 o none CC o o M 1}
_[27235 0 CCi 477 Mew Junction 0 o 45 o none CC o o M 1}
_|E7236 CC13 477 MWD 0 o 46,17 o none CC o o M 1}
_|E7E57 CC15 240 Mew Junction 0 o 33.93 o none CC o o M 1}
. |E7238 CC17 240 Mew Junction 0 o 279 o none CC o o M 1}
_|e7E3e (CCle 240 Mew Junction ] o 30 o nong CC o o M 0
_ [27z40 2221 MWD Demand Mode 0 [u] 46,75 [u] none ey [u] [u] M a
L |27241 CC23 MWD Mew Junction 0 o 53.9 o none CC o o M 1}
_|2Fz42 CC25 MWD Mew Junction o u] 31.61 u] none cC u] u] ] a
_|E7z43 Q27 477 Reqg Station Yermont ... 0 u] 46,15 u] Regulation Station [alsy u] u] M o
_|E7z44 CC29 477 Mew Junction 0 o 45.66 o none CC o o M 1}
. |&7z45 CC3 477 Reqg Station 182nd & ... 0 o 43.93 o Regulation Station CC o o M 1}
. |E7z46 CC33 477 Mew Junction 0 o 43.72 o none CC o o M 1}
_ |27z47 Lateia) 477 Mew Junction 0 [u] 26.6 [u] none ey [u] [u] M a
_|E7z4E CCEF 477 Mew Junction 0 o 2851 o none CC o o M 1}
_|27249 [aecis) 477 Mew Junction o u] 32.02 u] none cC u] u] ] a
. |E7250 CC41 477 Mew Junction 0 o 33.62 o none CC o o M 1}
_|&7251 CC43 477 Mew Junction 0 o 44.09 o none CC o o M 1}
. |&7Es2 245 477 Req Station 161 & Ve.., 0 o 42 o Regulation Station CC o o M 1}
_|E7E53 CC47 240 Req Station 161 & Ve.., 0 o 42 o Regulation Station CC o o M 1}
_ [27z54 Laat -] 477 MWD Conn LA-14, E... O [u] S0 [u] MWD connection ey [u] [u] M a
. |E7E55 CC51 MWD MWD Conn LA-14, E... 0 o =) o MWD conneckion CC o o M 1}
_|27258 CC53 MWD MWD 0 [u] 7342 [u] none C [u] [u] ] a
_|E7E5T CC55 MWD MWD 0 o 45,41 o none CC o o M 1}
_|E7258 CC57 477 Mew Junction 0 o 779 o none CC o o M 1}
. |E7259 CC59 477 Mew Junction 0 o 4,47 o none CC o o M 1}
. |&7z60 A1 477 Mew Junction 0 o 100,01 o none CC o o M 0w
£ >

Figure C.1. lllustration of epa_junctions table.



EH Epa_pipes Table

(] 2 MATERIAL DESCRIPT W Y. ZOME LIMING COST_ID P.. | WIR... SUBMOC
_(11FFe0 CC2 I Mew Pipe, DS Met Flo... 1943 0 240 CL 1] 1] ZC T
_(117F1el CC4 BiS W3 Harbor Trunkline 1935 0 477 1] 1] cC
11762 (e W Mew Pipe 1988 0 477 1] 1] ZC
(1177183 CCE B W3S Harbor Trunkline 1935 0 477 0,25 CL 1] 1] ZC
_|1177164 CC10 I Privately Cwned Mains 1943 0 240 u] u] ZC
(1177185 CC1Z I Privately Cwned Mains 1960 0 240 1] 1] ZC
_|1177166 CC14 W3 MWD Feeder u] u] MWD u] u] CC

1177167 CC16 W3 MWD Palos Werdes Fe... O 1] MWD 1] 1] ZC
117718 CC1d VICT WD Wickoria Lateral .., O o MWD o o cC
(1177189 CC20 W MWD Palos Werdes Fe... O 1] MWD 1] 1] ZC
(1177170 CC22 BiS W3 Harbor Trunkline 1935 0 477 0,25 CL 1] 1] cC
_|UFAITL 24 B&S WS Harbor Trunkline 1935 0 477 0,25 CL 1] 1] ZC
_(NFFAITE CCER I Mew Pipe 1939 0 477 1] 1] ZC
BN B § Y e By e B&S WS Harbor Trunkline 1935 0 477 0.25CL u] u] ZC
(1177174 CCE0 Wik Harbor Trunkline 1957 0 477 CL 1] 1] ZC
_|11FFIFS Q032 B&S5 WS Harbor Trunkline 1935 0 477 0.25CL u] u] CC
B s e Wik Harbor Trunkline 1987 0 477 CL 1] 1] ZC
(1177177 CC36 B&S W3 Harbor Trunkline 1935 0 477 025 CL o o cC
_(NFAIYE QO3 I Mew Pipe 1951 0 477 CL 1] 1] ZC
(1177179 CC4n BiS W3 Harbor Trunkline 1935 0 477 0,25 CL 1] 1] cC
_|117Fe0 o4z COM MWD Wesk Basin Fee,.. O 1] MWD 1] 1] ZC
(1177161 CC44 CON MWD Wesk Basin Fee,.. O 1] MWD 1] 1] ZC
1177182 46 B&S WS Harbor Trunkline 1935 0 477 0.25CL u] u] ZC
(1177183 CC4d BiS W3S Harbor Trunkline 1935 0 477 0,25 CL 1] 1] ZC
_|1177184 CCS0 B&S5 WS Harbor Trunkline 1935 0 477 0.25CL u] u] CC
(1177185 CC52 WICT Mew Pipe 1986 0 477 CL 1] 1] ZC
1177188 QoS4 I Mew Pipe 1949 0 477 L o o cC
(1177187 Q56 I Mew Pipe, DS Met Flow 1949 0 240 CL 1] 1] ZC
_[117F1ES CO5E I Mew Pipe 1947 0 240 CL 1] 1] cC
1177189 a0 W MWD Ownership, LA-... 1950 0 477 1] 1] ZC
(1177190 CCaz W3 Mew Pipe 1935 0 240 1] 0 oC A
< | >

Figure C.2. Illustration of Epa_pipestable.

2| Node_Pressure (=] r5_<|
() DEMAND _{GP ELEYATION_ GRADE_(FT}) node_pressure L

ol o 28 543 223 W

. |cCiool o 228 369 &1

. |CCioo3 0 227 369 62

. |CCioos 0 227 369 62

_|CClo07 228 227 370 62

. |CCio09 0 221 371 65

_|cCior o 30 543 222

. |cCioil o 239 366 55

. |CCi01s 0 237 366 56

. |CClois o 237 366 56

. |CCio17 0 239 366 55

. |CCio19 0 241 366 54

. |oCio2l 0 246 366 52

. |CCloEs 0 287 435 65

. |CCl0Es 0 286 435 )

. |CCl0E7 0 287 435 )

. |CCl029 0 293 435 63

_|CCios 0 30 543 222

O Lo Luic ] 300 435 &0

. |CC1033 0 308 436 55

. |CC10s7 0 300 433 57

. |CC1039 0 300 432 57

. |CCio4l 0 282 432 65

_|CCl0d43 1216 260 430 74

. |CCl047 0 117 339 96

. |CClo49 0 116 339 97

_|CCios 0 30 543 222

. |oCiost 0 147 373 95

_|CC10s3 317 185 373 gz

_|CC10s5 1705 150 363 g0

. |CC10s7 0 154 368 79 w

Figure C.3. Illustration of Node Pressuretable.



B Soil_Category_NADE3 Drawing Table *

j(n] Dz AREA PERIMETER WAMAPYL_ WaMAaPY1_ID POLYID AREAL PERIMETER1 WRCAT WALLIE -
(1199199 6127 336289835609 9624019013 6069 G065 0] 3383026 964595 C Se0
(1199200 6129 1579412,17965  5086.225534 6071 6070 6071 1.58885 5.100569 C 560
(1199201 6133 19303686.8024  23911.937871  AO7S &074 &075 19.418352 23976364 E 1000
(1199202 6134 17237435,4151  24351.004344 6076 6075 6076 17340155 24415915 B 1000
(1199203 6135 19675580.585714 S054.660227 6077 G07a a07y 1979597 §.075085 C S60
(1199204 6139 12328554600 23983.824481 6031 6030 6031 12401876 24059934 &) 360
_ (1199205 6142 495303901134 2790451595 6064 G053 G054 0496249 2,79791 C S60
(1199206 6143 S093000.08004 14094336536 6085 6054 6085 5123719 14735573 BC 760
_ (1199207 6145 457903.632034  2657.1808583 6067 G056 G057 0460646 2.66361 B 1000
(1199208 6146 1323120,34443 5072572311 6058 6037 6053 1331012 S.084876 &) 360
(1199209 6147 2561316.12993 ¥429.030691 6089 il Lalua] 2576567 7450867 C S60
(1199210 6145 360549154346 11313.150871 6090 6039 6020 3630078 11.338623 C o600
(1199211 6149 15664685.6741  23351,933939 6091 G090 6091 15958601 23404261 C S60
(1199212 6150 49620870.0786 40103490529 o092 6091 6092 49914189 46,234966 B 1000
1199213 6151 ZI6729,303971  2155.648354 6093 G092 G093 0298496  2.16446 B 1000
(1199214 6152 FF1144.810118 4082.824185 6094 6093 6094 0775711 4.080193 B 1000
1199215 6153 1108650, 77396 4247.315576 6095 G094 G095 1115223 4.260297 C S60
(1199216 6154 275508426399 16505982768 6096 6095 G096 2772337 16570562 o 270
(1199217 6155 SV0926.696825 5722098435 6097 6026 6097 0.574327  3.728036 B 1000
(1199218 6157 20124194102 31686.008302 6099 6095 &099 20.242975  31.764926 B 1000
1199219 6159 1267411.9166 43150587227 6101 6100 6101 1.27494 4328709 B 1000
(1199220 6160  34702959.0178 39599.672999 6102 &101 6102 34906912 39724209 E 1000
1199221 6163 1679631,91385 6067 .14045 6105 6104 6105 1590854  6.08555 ale] 360
(1199227 6164 552312219725 20938.847828 6106 6105 G106 5.8555993 20.993541 D 360
1199223 6166 342090465095 =2545.286252 6105 6107 6105 0344136 2852424 C 560
(1199224 6168 4791588457 155258.044626  A£110 G109 &110 3906374 15555725 D 360
1199225 6171 267329576106 5234.396736 6113 6112 6113 268916 §,258535 ale] 360
(1199226 6172 444637837803 9571.998934 6114 G113 6114 4472662 9603349 D 360
1199227 6173 76208456495 5352.006803 6115 6114 6115 0772791 3362839 C 560
(1199228 6176 1451612.13049 S5395.803605  A11& 6117 6115 1.460214 5.419118 D 360
(1199229 6175 745116651269 41606.800662 6120 6119 6120 74946342 41737214 e 360 “

Figure C.4. lllustration of Soil_Category NAD83 Drawing table.

A sample Manifold project (manifold_giraffe.map) has been included in the GIRAFFE
program filein the folder Example_Files | Appendix C, which also includes the required filesin
the appropriate format. However, the user can also create a Manifold project to perform the same

function. To do this, import and format the required data:

Launch Manifold. Go to File | Import | Drawing to add the pipe (Epa_pipes) and
junction data (epa_junctions), as shown in Figure C. 5. All shapefiles, including
Soil_Category NADS83 can be imported in this way.
e Goto File | Import | Table to add the node pressure data (Node Pressure), as
shown in Figure C.6.
e Go to File | Import | Surface to add the surface to which PGV will be
interpolated (pgvsurf.grd), as shown in Figure C.7.
e Alternatively to importing pgvsurf, the user can also create it (Figure C.8). Import
ascenario shapefile (175_data.shp in this example) and then,
0 Right-click to copy the scenario drawing.
o0 Right-click in the project pane and select Paste As | Surface.
0 Enter the parameters shown in Figure C.8(b).



0 Rename the surface pgvsurf by right-clicking on the layer and selecting

Rename.

Format Node Pressure.dbf by opening the table and right-clicking the header of

the column PRESSURE_(. Select Rename.

0 Inthe pop-up input box, rename the column node_pressure (all lowercase

letters for the column header is important). The column containing the
node I1Ds should be named 1D as shown in Figure C.3.

Open the attribute tables of epa junctions and Epa_pipes, and check that the

columns containing the pipe and node IDs are named ID 2 as shown in Figures

C.1and C.2. If the columns are named otherwise, rename them.

Next, check that each file contains the necessary columns. In the epa_junctions

attribute table, there should be a column named Zone. In the Epa_pipes attribute

table, there should be a column named Material. In the Soil_Category NAD83

Drawing there should be a column named VSCAT, which describes the soil

categories (Figure C.4). These columns must exist and contain valid data values

for the tool to run correctly.

The pipe objects in Epa_pipes.shp must also be segmented into 1000 pieces and

broken at the soil boundaries before running the system damage tool in GIRAFFE.

If this has not already been done, use the Segment Pipes for Repair Rate

Calculation tool in the Manifold System Damage Add-In as explained in Section

C.2.3 Using the Manifold System Damage Add-In. After running the segment

tool, the Epa_pipesfileisready to be used with the inbuilt GIRAFFE damage tool.
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C.2.2. Running the System Damage Tool in GIRAFFE

Once the Manifold project has been created, open GIRAFFE and select either Monte
Carlo Fixed or Flexible Simulations. To generate the system damage input files,
e click Generate Pipe Repair Rate and Mean Pressure Files, as shown in Figure
C.9(a)
e A pop-up window will occur. Navigate to and select the Manifold project that

contains the necessary data (in this example, manifold_giraffe.map)



e In the next pop-up window, select the appropriate scenario shapefile
(175_data.shp). This scenario should correspond to the scenario for which the
simulation is being run. Selecting Open will begin the process.

e When the process is completed, a pop-up notice will occur. Click OK. The
system damage files have now been generated for pipes and nodes, RRInput.inp
and LocalDemandinput.inp, respectively, and can be found in the GIRAFFE
program folder: C:\Program Files\Cornell University\GIRAFFE\AppendixB*.
The files are automatically placed the pipe repair rate and nodal demand boxes (if
Calibrate Nodal Demand is set to Yes) in the GIRAFFE interface.

* For 64-bit users, the files will be outputted to the 64-bit directory (C:\Program
Files\Cornell University\Appendix B), though this is not the location of the
GIRAFFE program folder (32-bit directory: C:\Program Files (x86)\Cornell
University\GIRAFFE).
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Figure C.9. Generating System Damage Using Manifold-Linked Tool in GIRAFFE
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Figure C.9. Generating System Damage Using Manifold-Linked Tool in GIRAFFE

C.2.3. Using the Manifold System Damage Add-In

Alternatively to creating the system damage files in GIRAFFE, the user may create the
files using the Manifold system damage add-in. The same files are required as for the system
damage tool in GIRAFFE (Epa_pipes, epa_junctions, pgvsurf, Soil_Category NAD83 Drawing,
Node Pressure.dbf). Using the add-in allows the user to view intermediate files generated
during the system damage preparation. Also, the pipe repair rate input file and the nodal demand
file can be prepared separately, which is useful if the user does not wish to calibrate nodal
demand in aMonte Carlo simulation.

Additionally, if the water supply system is updated (i.e. pipes or nodes are added or
removed) the user can prepare the data for use with the add-in or with the GIRAFFE system
damage tool. Note that if the system is updated, the pipes file should be segmented before it is
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used in the GIRAFFE system damage tool because this tool does not segment the pipes. To use
the system damage add-in,

e copy the LADWP folder from Manifold Tools in the GIRAFFE program folder
(normally C:\Program Files\Cornell University\GIRAFFE\Manifold Tools)
and paste it in the Config folder hierarchy for Manifold (normally C:\Program
FilessManifold System\Config).

e Launch Manifold and open the necessary files or a saved map containing the files.
If the toolbar does not automatically appear, go to Tools | Add-Ins | Add-In
Manager as shown in Figure C.10(a).

o A window will pop up, and check the box next to LADWP GIRAFFE
System Damage Prepar ation. Restart Manifold as directed.
0 The custom system damage add-in toolbar should now be visible.
e Before using the toolbar, import the scenario shapefile (for example, 175 _data)

into the Manifold project.
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Figure C.10. Using the Manifold System Damage Add-In

Each of the four buttons in the custom toolbar performs a different function in the system
damage preparation. Table C.1 describes the function of each button and the files required to run
each button. The system damage files generated are located in C:\temp, and they can be directly
inserted into a GIRAFFE Monte Carlo simulation.
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Table C.1 Using the Manifold System Damage Custom Tool bar

Icon Name Function Required Files
ﬁ Segment Pipes for Repair | This o0l segments, or bresks, thepipes | *  Soil_Category NAD83
Rate Calculation into 1000 segments, and segments the Drawing
pipes at the soil boundaries. This only e Epa pipes
needs to be run whenever a new,
unbroken pipes shapefile isimported into
the project or when the system is
updated.
Prepare Scenario Data | s ta0| formats the scenario dataPGy | ® Pavsurf

y

for Repair Rate
Calculation

values and interpolates the PGV values
onto a surface. Thisonly needs to berun
once per scenario, and must be done
before using the following two tools.*

e Scenario shapefile

Prepare Pipe Repair Rate
Data

Thistool calculates the soil-corrected
PGV values and the repair rate for each
pipe in the system, and then exports the
results as RRInput.inp. T This tool should
only be used after preparing the scenario
data and segmenting the pipes.

e Soil_Category NADS3
Drawing

e Epa pipes

e Pgvsurf

Prepare Earthquake
Demand Simulation Data

Thistool calculates the mean pressure
and repair rate for each demand nodein
the system, and then exports the results
as LocalDemandinput.inp.T This tool
should only be used after preparing the
scenario data.

e Soil_Category NADS3
Drawing

e gpa junctions

e Node Pressure.dbf

e Pgvsurf

*Before using the Prepare Scenario Data for Repair Rate Calculation tool, the user must import
the scenario data. This can be done by going to File | Import | Drawing and navigating to the
appropriate file. Scenario data must be a shapefile.

T Files generated are located in C:\temp. These files can be used directly as input in a GIRAFFE
Monte Carlo ssimulation.
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C.3 VISUALIZING GIRAFFE RESULTSIN MANIFOLD

After running a GIRAFFE simulation, the results can be visualized in Manifold. This
allows the user to create maps for illustration purposes and to observe spatial patterns that may

not be obvious in data tables.

C.3.1. Using the Manifold System Visualization Add-In

An additional custom Manifold add-in exists to help the user visualize GIRAFFE outputs
in ameaningful way. To use the visualization add-in,

e copy the LADWP folder from Manifold Tools in the GIRAFFE program folder
(normally C:\Program Files\Cornell University\GIRAFFE\Manifold Tools)
and paste it in the Config folder hierarchy for Manifold (normally C:\Program
FilessManifold System\Config).

e Launch Manifold and open the necessary files or a saved map containing the files.
If the toolbar does not automatically appear, go to Tools | Add-Ins | Add-In
Manager as shownin Figure C.11(a).

o A window will pop up, and check the box next to LADWP GIRAFFE
Output Visualization. Restart Manifold as directed.

e The custom output visualization add-in toolbar should now be visible.

17



is] - Manifold System

Administrator Console..,,
Database Console

Server Cansale.

Manage add-in mocles

7| Import GIRAFFE Files

{®] view Pipes without Flow at Time 0
PEL views Pipes without Flov at Time 24
(8) View Unsatisfied Demands t Time 0

FL} View Unsatisfied Demands ot Time 24
(8] Node Serviceability o Time 0
f¥) Node Serviceability at Time 24

I View Pipe Damage
0| Segment Pipes
“| Prepare Scenario Data
1 Pipe Repair Rate
=3 Demand Node Repair Rate and Pressure.

| Create Pipe Damage

o
3

-

9items

() Step 1
Figure C.11. Using the Manifold Visualization Add-In

Add-In Manager 3]
add-In

. LaDwP GIRAFFE Cukput visualizakion
LADWP QIRAFFE Syskern Damage Preparation

Zonfig

Copyright Cornell University,
Simple add-in with single command,

(b) Step 2
Figure C.11. Usingthe Manifold Visualization Add-In

18

=



i [Manifold_vis] - Manifold System

File View 5 Help

Y afe e r

A rEACDAME S -

Project
=]

[

T

5~
+ Demand_nodes
Epa_pipes
¥ PipeshoFlow_BeforeEQ
+--(a epa_junctions

Folder

Local,

9items

=

(c) Step 3

19

Figure C.11. Using the Manifold Visualization Add-In



[EEJO 2RO J oY 2 R 4

Each of the eight buttons in the custom toolbar performs a different function for

visualizing the data. Table C.2 describes what each button does and the files required to run each

tool.

Table C.2 Using the Manifold Visualization Custom Toolbar

Icon

Name

Function

Required Files

Import GIRAFFE Files

Imports GIRAFFE output files with
*.out extension. Thistool can only
import onefile at atime. Default folder
is C:\Program Files\GIRAFFE.

None required.

View Pipe Flow at Time
0

Categorizes pipes by flow: unknown
flow, no flow before and after
earthquake, and flow. A new attribute,
Flow_Category 0, isadded to

Epa_pipes.

e LinkResults_Time0.out

e Epa pipes
e Pipes NoFlow_BeforeEQ

View Pipe Flow at Time
24

Categorizes pipes by flow: unknown
flow, no flow before and after
earthquake, and flow. A new attribute,
Flow_Category 24, is added to

Epa_pipes.

e LinkResults Time24.out

e Epa pipes

e Pipes NoFlow_BeforeE

Q

View Unsatisfied
Demandsat TimeO

Sel ects unsatisfied demands at demand
nodes immediately after earthquake
damage. The user can then copy
selected nodes into anew drawing.

ServiceabilityO.out

e gpa junctions

View Unsatisfied
Demands at Time 24

Selects unsatisfied demands at demand
nodes 24 hours after earthquake
damage. The user can then copy
selected nodes into anew drawing.

e Serviceability24.out
e epa_junctions

Node Serviceability at
TimeO

Creates anew layer containing
serviceability datafor all demand nodes
immediately after earthquake damage
(time 0).

e ServiceabilityO.out
e gpa junctions

Node Serviceability at
Time 24

Creates anew layer containing
serviceability datafor all demand nodes
24 hours after earthquake damage (time
24).

e Serviceability24.out
e gpa junctions

HEBD B O N @&

View Pipe Damage

Creates two new layers showing pipes
with breaks and leaks. The points are
located at the centroid of each pipe and
don’t represent the exact location of
damage.

e Epa pipes
e Damage Info_Dert*.txt
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A sample Manifold project (manifold_vis.map) has been included on the GIRAFFE
instalation CD in the Example Data folder, which includes the required files in the appropriate
format. Each tool requires different files, which should be imported into a Manifold project and
named exactly as shown unless otherwise indicated. Explanations of GIRAFFE output files can
be found in Appendix A and in the User Manual.

e Epa pipes.shp — represents pipe data for entire system. See Figure C.2 for table
format and Section C.2.1. Importing and Formatting Required Data in Manifold
GIS for detailed explanation of file contents. Note that pipes should not be
segmented as for the system damage tool bar.

e epa_junctions.shp — represents junction data for entire system. See Figure C.1 for
table format and Section C.2.1. Importing and Formatting Required Data in
Manifold GI S for detailed explanation of file contents.

e Pipes NoFlow_BeforeEQ.shp — represents pipes that had no flow before the
earthquake. Table format should be the same as Epa_pipes.shp and the layer name
should be exactly as shown. Thislayer is created by running a stochastic
hydraulic simulation without any damage to pipes (i.e. al piperepair rates are
equal to zero in the pipe damage input file) and without nodal calibration, and
then using flow values from LinkResults_TimeO.out to select pipes with flow

equal to zero.

When using the visualization tools, all GIRAFFE output files should be from the same
simulation folder of the GIRAFFE results or, if the results are not from the same simulation
folder, the user should clearly state this on the map. To assist the user in using only results from
the same simulation folder, the View Unsatisfied Demands and View Pipe Damage tools both
prompt the user to input the simulation number (i.e. folder number from the GIRAFFE results).
Therefore, when importing GIRAFFE results into aManifold project it is vital that the user
ensure that al output files are from the same simulation.

When using the visualization tools for analysis, it isimportant to keep in mind that the

maps will only show a snapshot of what the system could look like after an earthquake. Due to
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the stochastic nature of the process, there will be some variation in results depending on which
simulation is viewed and the parameters specified for the GIRAFFE simulation run.

Before using any of the pipe flow or damage visualization tools, you must first change
the settings in Manifold so that length and area are reported in feet. Thisis necessary only if the
drawings projection isin units of feet (such as State Plane). If the drawings’ projectionisin
units of meters (such as Universal Transverse Mercator) then this additional step is unnecessary.
If you do not know the units of the projected drawings, right-click on any of the drawings and go
to Assign Projection. In the pop-up window there is a drop-down menu that displays the units of
the projection. If the units are feet, then go to Tools | Options and, under the Miscellaneous
heading, check the box next to Use English measurements units. According to the Manifold
Helpfile, if this option is checked, units for projected drawings will be reported in feet. If itis
not checked, units for projected drawings will be reported in meters.

When creating a map of pipe flow it isvery important to distinguish between pipes that
had no flow before the earthquake and pipes that have no flow because of the earthquake.
Therefore, the pipe flow visualization tools require a shapefile, Pipes NoFlow BeforeEQ,
showing pipes with no flow before the earthquake. To create thisfile:

¢ Run astochastic hydraulic simulation without any earthquake damage. In the pipe
repair rate input file, set all of the repair rate values equal to zero. Select “No” for
Nodal Demand Calibration.

e After running the simulation, import LinkResults Time0O.out from the last
simulation. Make a copy of Epa_pipes and nameit Pipes NoFlow_BeforeEQ.
Open Pipes_NoFlow_BeforeEQ Table and go to Table | Relationsin the main
Manifold toolbar to create arelation between LinkResults and the layer.

e Click onthe Add Relation button *F. In the pop-up window enter the parameters
shown in Figure C.13(a) to match the IDs of the pipesin each file. Click ‘OK".

Y ou should now see the new relation in the Table Relations window. Put a check
next to the column Flow_gpm as shown in Figure C.13(b). Click ‘OK’.

e The column Flow_gpm should now bein Pipes NoFlow_BeforeEQ Table. In the
Query Toolbar, enter the parameters shown in Figure C.13(c) so that pipes with
flow not equal to zero will be selected. Click ‘Select’ then pressthe Delete key on
your keyboard to delete the sel ected pipes.
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e There should be approximately 2000 pipes left in the drawing. Thisfile only has
to be created whenever pipes are added or removed from the system, or when

flow in pipesis manually shut off.
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(@) Step 1
Figure C.13. Create Pipes NoFlow_BeforeEQ layer.
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(b) Step 2
Figure C.13. Create Pipes NoFlow_BeforeEQ layer.

J| Flow_gpm w |E| Equal to w | 1] | Select

(c) Step3
Figure C.13. Create Pipes NoFlow_BeforeEQ layer.
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C.3.2 Creating Mapsin Manifold System Using Outputs from the Visualization Add-1n

Although the visualization tools are generally self-explanatory and easy to use, the pipe

flow tool requires three files and obliges the user to color the pipes based on their flow category.

The four flow categories are:

o Flow — pipeswith flow greater than zero after the earthquake.

0 Removed —that were removed from the results due to negative pressures.

0 Damaged — pipes with damage (leaks or breaks). Flow data can be found
in LinkResults.

o0 No Flow Before — pipes with no flow before the earthquake.

0 No Flow After — pipes with no flow because of the earthquake.

For the user’s convenience, severa legends have been saved for easy display of pipe flow

data. The legends are saved as *.xm files, and can be found in the GIRAFFE program folder

under Example_Files | Appendix C. After running the pipe flow toolsin the visualization

toolbar, open Epa_pipes and then:

Click on the background color well for lines and choose theme from the pull-
down color choice menu, as shown in Figure C.14 (a).

Choose Flow_Category 0 (or Flow_Category 24) asthe Field. Then click on the
Load from File button (Figure C.14(b)).

In the pop-up window, navigate to the GIRAFFE program folder and then to
Example_Files| Appendix C. Select FlowOLegend.xml (or Flow24Legend.xml)
and click Open, as shown in Figure C.14(c).

Click OK in the thematic formatting dialogue, or change the colors as desired.
The pipes should now be colored according to flow at time O.

Additionally, alegend can be added to the map by going to View | Legend and
checking the Show L egend box. The legend can be customized to suit the user
(Figure C.14(e)). Thefina map is shown in Figure C.14(f).

When visually examining pipe flow, the map should also display valves, pumps,
tanks, and reservoirs in the system to completely and accurately depict pipe flow
in the system. These shapefiles can be found in the GIRAFFE directory under
Example_FilessAppendix D.
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Figure C.14 Displaying Pipe Flow Data

Asnoted in Table C.2 Using the Manifold Visualization Custom Toolbar, when the
nodes have been selected using the unsatisfied demands tools, the selected nodes can be copied
intoanew layer for useinamap. Todothis,

e Run any of the two unsatisfied demands tools ® o

e Makesurethat epa_junctionsis open. Go to Edit | Copy, as shown in Figure
C.15(a), to copy al of the selected objectsin the layer.

e Right-click in the project pane and select Create | Drawing as shown in Figure
C.15(b). Name the drawing. The new drawing should appear in the project pane.

e Double-click on the new drawing (UnsatisfiedDemands_TimeQ) to open the
layer. Go to Edit | Paste. Select OK in the Paste Objects pop-up window. The
objects copied from the original file in Step 1 should now appear in the layer as

shown in Figure C.15(h).
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(a) Step1
Figure C.15. Creating a new node layer.
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(b) Step 2
Figure C.15. Creating a new node layer.
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Figure C.15. Creating a new node layer.

For the user’ s convenience, several legends have been saved for easy display of

serviceability, pipe damage, and PGV data. The legends are saved as * .xml files, and can be

found in the GIRAFFE program folder under Example Files| Appendix C. After creating node

serviceability layers using the visualization toolbar, open the layer and then:

Click on the background color well for points and choose theme from the pull-
down color choice menu.

Choose ServiceabilityO (or Serviceability24) asthe Field. Then click on the Load
from File button.

In the pop-up window, navigate to the GIRAFFE program folder and then to
Example_Files| Appendix C. Select ServOLegend.xml (or Serv24Legend.xml)
and click Open.

Click OK in the thematic formatting dialogue, or change the colorg/intervals as

desired. The nodes should now be colored according to serviceability at time 0.
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Similarly, the results from the View Pipe Damage tool can aso be viewed using pre-
made color schemes. However, in this case legends exist for the shape of the point as well as the
color. After running the pipe damage visualization tool, there should be two new layers called
Breaks Drawing and Leaks Drawing. These show which pipes in the system have breaks and
leaks, and the extent of the damage. Changing the colors and symbols of the two damage layers
is very similar to changing the color theme of the Serviceability and Pipe Flow layers (Figure
C.15):

e InManifold, open either Breaks Drawing or Leaks Drawing. Click on the symbol
button (next to the color wells) in the color toolbar and go to Theme.

e Choose BreakNo or LeakNo asthe Field. Then click on the Load from File
button.

¢ Inthe pop-up window, navigate to the GIRAFFE program folder and then to
Example_Files| Appendix C. Select BreakSym.xml (or LeakSym.xml) and click
Open.

e Click OK inthe symbol formatting dialogue, or change the symbols as desired.

e Thiscan aso be done to change the color theme of the two layers, using the saved
legends BreakCol.xml and LeakCol.xml.

e To create amap of the breaks and leaks, right-click in the project pane and select
Create | Map. Check the boxes next to Breaks Drawing, Leaks Drawing, and
Epa_pipes, and click OK. To create alegend, go to View | Legend in the main
Manifold toolbar, and select the box next to Show legend. The final result should
look similar to the map in Figure C.16.
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Pipe Breaks
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2 Leaks

3 Leaks

4 Leaks

5 Leaks
—— Epa_pipes
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H| «|'»| m | Breaks Drawing /Leaks Drawing}, Epa_pipes

Figure C.16 Map of Pipe Breaks and Leaks

A saved legend also exists for the peak ground velocity (PGV) surface described in
Section C.2 GIS Spatial Analysis and Calculation Using Manifold GIS. This surface
(pgvsurf) can be used as a background for maps in order to demonstrate the location of the
earthquake’ s epicenter. If pgvsurf has not already been created for the scenario, refer to Sections
C.2.1 and C.2.3 for how to create it in Manifold. For this example, refer to the example project
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manifold_giraffe.map, which is located in the GIRAFFE program folder under Example Files |
Appendix C. To change the colors of pgvsurf:

e Go to View | Display Options. In the pop-up window, click on the Load from
File button (Figure C.17(b)).

¢ Navigate to the GIRAFFE program folder and go to Example _Files | Appendix
C. Select PGVLegend.xml and press Open, as shown in Figure C.17(c).

e After pressing OK in the thematic color dialogue box, pgvsurf should now appear
as agradient of oranges and reds (Figure C.17(d)).
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(a) Step 1
Figure C.17 Displaying pgvsurf.
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Figure C.17 Displaying pgvsurf.
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Figure C.17 Displaying pgvsurf.
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Figure C.17 Displaying pgvsurf.
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Alternatively, the PGV surface can be visualized as contours. These are easy to make in
Manifold:

¢ With the pgvsurf layer open, go to Surface | Contour s as shown in Figure

C.17(a).

e Select OK in the pop-up window, or change the intervalsif desired (Figure
C.17(b)).

o

Pgvsurf Contours should appear in the project pane. Double-click to open this

layer. Click on the areas color well and select Theme to change the colors.
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Figure C.17 Creating PGV Contours.
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APPENDIX D
FRAGILITY MODULE

D.1 INTRODUCTION

This appendix provides information on the Fragility Module, which is a part of GIRAFFE

version 4.0. The Fragility Module is available for the “Deterministic’, “Monte Carlo Fixed” and
optionsin GIRAFFE (Figure D.1).

“Monte Carlo Flexible”

Monte Carlo
Fixed

Monte Carlo
Flexible

GIRAFFE

Graphical Iterative Response
Analysis of Flow Following Earthquakes

Powered by: @(

Close

Figure D.2 shows the user interface for the “Monte Carlo Fixed” option, and the check

Figure D.1. GIRAFFE Version 4 Main Window.

box for activating the Fragility Module.
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Figure D.2. Fragility Module Activation.



D.2 INPUT FILES

Once the Fragility Module is activated the user should supply four files delivering the
seismic intensities (peak ground accelerations in units of g) at the locations of system
components including tanks, reservoirs, pumps and valves. Figure D.3 shows the user interface
of the Fragility Module.

-lo/x|
PGA files for components
Tank I Browse |
Reservoir I Browse |
Pump I Browse |
valve I Browse |
OK | Cancel |
4

Figure D.3. Fragility Module User Interface.

The four files containing the peak ground accelerations (in g units) at the locations of the
tanks, reservoirs, pumps and valves are different for each scenario earthquake. Fragility Module
provides these four files for al of the 59 scenario earthquakes. The user can browse to locate the
files corresponding to the selected scenario event. Figure D.4 shows complete input for the

Verdugo Earthquake scenario.

=1l x]
PGA files for components
Tank Iple_FiIes\ PGA_Fragility', 175" Tanks_PGA_175.inp Browse |
Reservoir IFiIBs\ PGA_Fragility’, 175% Reservoirs_PGA_175.inp Browse |
Pump Iple_FiIes\ PGA_Fragility', 175" Pumps_PGA_175.inp Browse |
valve Iple_FiIes\ PGA_Fragility', 175 Valves_PGA_175.inp Browse |
OK | Cancel |
A

Figure D.4. Fragility Module User Interface for the Verdugo Earthquake.



The format of these input filesis predetermined. Figure D.5 presents an example file with

the name Tanks PGA 175.inp, for the peak ground accelerations in units of g at the location of

the tanks using the Verdugo Earthquake scenario (scenario 175).

Scenario 175

1D PGA_Soil _g

HA050 0.20774774

HA040 0.20774774

HA030 0.197544669
H4020 0.20777472

HA090 0.237838532
H4010 0.23248291

HA160 0.23248291

CC4040 0. 399021763

Figure D.5. Tanks Seismic Intensity File for the Verdugo Earthquake.

The first line contains the scenario ID for the selected earthquake. The second line

contains the column names. From the third line on, the first column contains the identification

numbers (IDs) of al the tanks in the H2ONet database and the second column contains the peak

ground accelerations (PGA, in g units) corresponding to each tank location. The format of the

pump, reservoir and valvefilesis similar to that of the tank file.

After providing the necessary input for the Fragility Module the user goes back to the

main window of the “Monte Carlo Fixed” option by clicking the “OK” button (Figure D.4) and

can start the simulation by just clicking the “Run Simulation” button (Figure D.7).
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Figure D.7. Monte Carlo Fixed Option with Activated Fragility Module.



D.3 OUTPUT FILE

After reading in the necessary files, the Fragility Module performs fragility analyses for
each component and delivers the damaged components (details are given in Section D.5). The
damaged components are passed to GIRAFFE through a file called Fragility output.inp. This
file is created in the directory where the Fragility Module is located. The Fragility_output.inp
file is dso saved in the directory where all other output files are created for the current
simulation given a scenario earthquake. The name and the format of the file are predetermined.
An example for the Fragility output.inp file for the Verdugo Earthquake scenario is shown in
Figure D.6.

[ SCENARI O NO
175

[ S| MULATI ON_NO
1

[ PUVPS]
[ VALVES]

[ TANKS]
SM4010
HH4180
MM 130
MM 140
HP4010
HP4050
GH4000
EH4050
ST4020
ST4060
GH4020
FH4030
FH4040

[ RESERVOl RS]

Figure D.6. Fragility Module Output File.

IMPORTANT NOTE: If a component in the system definition input file is not present in the
provided database files (PGA files or tank type fil€), then the worst case is assumed, that is, the
PGA at the location of this component is assumed to be equal to the highest PGA in al

component PGA databases, and if this component is a tank then it is assumed that this tank is an



unanchored concrete tank (resulting in largest failure probability). This situation will happen
when a new component is added to the LADWP 2002 H20Net mode!.

D.4 INTEGRATION BETWEEN GIRAFFE AND FRAGILTY MODULE (DETAILYS)

The Fragility Module consists of fragility.exe, fragility.ctf and the files instaled by the
MCRInstaller.exe. The main fileisfragility.exe and is called within GIRAFFE.

D.4.1 Input for the Fragility Module: FragilityReport.fra

The FragilityReport.fra file is created automatically by GIRAFFE and is located in the
same directory with the fragility module (fragility.exe and fragility.ctf files). The file contains the
location and the filenames for the peak ground accelerations (in g units) for each component of
the system (tanks, reservoirs, pumps, valves), the location and the filename of the random
numbers for damage assessment for the scenario earthquake under consideration, and the
location and the filename of the component identity numbers (IDs) in the current system file. The
locations and the filenames for the peak ground accelerations for tanks, reservoirs, pumps and
valves are provided by the user through the user interface of GIRAFFE. The location and the
filename of the random numbers file (RandomFilefra) and the component ID file
(ComponentFile.fra) are predetermined. The RandomFile.fra and the ComponentFile.fra are
located in the same directory with the fragility module and is recreated by GIRAFFE for each
simulation.

The order of the filenames in the FragilityReport.fra fileisfixed, that is, lines 1, 2, 3 and
4 should contain the location and name of files containing ground motion intensities
(accelerations in g units) for pumps, valves, tanks and reservoirs, respectively, line 5 should
contain the location and name of the random number file, and line 6 should contain the location
and name of the component ID file. The fragility module locates these files and reads the
content. Therefore, the format of these files are predetermined.

Following are examples providing the format of the files FragilityReport.fra,
Tanks PGA 175.inp (the format of the files for pumps, valves and reservoirsis similar to that of
the tanks), RandomFile.fra and ComponentFile.fra for Verdugo Earthquake scenario (scenario
175).



FragilityReport.fra:

..\Graffe\Exanple fil es\PGA Fragility\175\ Punps_PGA 175.inp
..\Graffe\Exanple files\PGA Fragility\175\Val ves_PGA 175.inp
..\Graffe\Exanple fil es\PGA Fragility\175\ Tanks_PGA 175.inp
..\Graffe\Exanple files\PGA Fragility\175\Reservoirs_PGA 175.inp
..\Graffe\Fragility\RandonFile.fra
.\NGraffe\Fragility\ConponentFile.fra

_— e

Figure D.8. FragilityReport.fra File for Verdugo Earthquake Scenario.

Tanks PGA_175.inp: (PGA’sshould bein g units)

Scenario 175
1D PGA Soi | (g)

H4050 0. 20774774
HA040 0.20774774
H4030 0.197544669
HA020 0.20777472
H4090 0.237838532
HA010 0.23248291
H4160 0.23248291
CC4040 0. 399021763

Figure D.9. Tanks PGA 175.inp File for Verdugo Earthquake Scenario.

RandomFilefra:

[ S| MULATI ON_NO
1

[ PUVPS]
0. 8626

0. 3562

[ VALVES]
0. 8230

0. 0253

[ TANKS]
0. 7531

0.5625

[ RESERVOl RS]
0. 3339

0.5363




Figure D.10. RandomFile.fra File for Verdugo Earthquake Scenario.

ComponentFilefra:

[ PUVPS]
H5000
H5140
H5130

FH5080
[ VALVES]
HB060

H6050
CC6010

GH7050

[ TANKS]
H4050
H4040
H4030

FHA050

[ RESERVO! RS]
HA000

HA180

HA060

VF5880

Figure D.11. ComponentFile.fra File for Verdugo Earthquake Scenario.

D.4.2 Output of the Fragility Module: Fragility_output.inp

After reading in the necessary files, the fragility module performs fragility analysis for

each component and delivers the damaged components. The damaged components are passed to
GIRAFFE through afile called Fragility_output.inp. This file is created in the directory where

Fragility Module islocated. The Fragility output.inp file is also saved in the directory where all

other output files are created for the current simulation given a scenario earthquake. The name

and the format of the file are predetermined. An examplefileis provided below.



Fragility_output.inp:

[ SCENARI O NO
175

[ SI MULATI ON_NO
1

[ PUVPS]
[ VALVES]

[ TANKS]
MM 130
MM 140
HH4190
SMA120
HP4140
SMA010
HP4010
HP4070
ST4020
VF5540
FH4030
FHA040

[ RESERVO RS]

Figure D.12. Fragility_output.inp File for Verdugo Earthquake Scenario.




D.5 FRAGILITY INFORMATION FOR TANKS, RESERVOIRS, PUMPS AND
VALVESIN THE 2002 LADWP H20ONET MODEL

D.5.1 Tank types

The water tanks in the 2002 LADWP H20ONet Model are divided into 4 groups according
to their type:
Group-1: Stedl
Group-2: Concrete, anchored

Group-3: Concrete, unanchored
Group-4: Buried

All welded, riveted and bolted steel tanks are assigned to Group-1. Prestressed concrete
tanks and reinforced concrete tanks built after 1950 are assigned to Group-2. Reinforced concrete
tanks built during and before 1950 are assigned to Group-3. All buried tanks are assigned to
Group-4. Section D.5.5 summarizes the name, type, date of construction and Group ID for al
tanks and some in-ground storage facilities (reservoirs, buried tanks and pipes) in the 2002
LADWP H20Net Model. Please note that another file for reservoirs aso exists in the 2002
LADWP H20Net Model.

D.5.2 Tank damage states

Two damage states are defined, in accordance with the seismic performance analysis of
the whole water system, to characterize the seismic performance of water tanks:
— DS-1: A tank is hydraulically 100% functional during the first 24 hours after an event.
— DS-2: A tank is non-functional during the first 24 hours after a seismic event.

Damaged water tanks can be incorporated in the recovery/restoration model accordingly.

D.5.3 Tank fragility curves

Group-1: The fragility information of the tanks in Group-1 was obtained from O’ Rourke
and So (2000). The paper uses one of the five HAZUS damage states to define the seismic
performance of atank. It is assumed that atank isin DS-1 (defined above) for HAZUS damage
states 1, 2, 3, and that it is in DS-2 (defined above) for HAZUS damage states 4 and 5. A



lognormal curve isfitted to the data (all tanks with HAZUS damage state> 4) pro vided in Table
4 from O’ Rourke and So (2000). Figure D.13 shows the data points from the paper, fitted
lognormal fragility curve, 90% confidence bounds and a pseudo-R? measuring the goodness of
the fit, for steel tanks in DS-2. Please note that defining a lognormal fragility curve for the
HAZUS damage state 4 sets the maximum threshold for damage that impairs functionality, and
is thus associated with the DS-2 defined above. Defining DS-2 in this manner automatically

covers HAZUS damage states 4 and 5.

Steel tank fragility curve (for DS-2)
1 .

: 7
© data points ’f
= lognormal cdf (4
0.81| ===90% confidence bounds ,r'
!
4
£ 06} 5 1
=) Pseudo R°=0.743 P
3 -~
[ ’
a 04r ’”
‘f
0.2t o
° s
e, -]
0 —o—8—mu S
0 05 1 1.5 2

PGA (in g units)
Figure D.13. Fragility Curve for Steel Tanks (Group-1).

Group-2 and 3: The fragility information of the tanks in Groups 2 and 3 are obtained
from the HAZUS-MH Technica Manual (FEMA, 2006). The HAZUS manual provides the
parameters of lognormal fragility curves for five damage states for several types of water tanks
(Table 8.9). Group-2 and Group-3 defined above correspond to classifications PST1 and PST2 in
the HAZUS-MH Technica Manual, respectively. It is assumed that a tank is in DS-1 for
HAZUS damage states 1 (no damage), 2 (slight/minor) and 3 (moderate), and that it isin DS-2
for HAZUS damage states 4 (extensive) and 5 (collapse). Figure D.14 shows the lognormal
fragility curves for anchored and unanchored concrete tanks in DS-2. These fragility curves are
identical to those for HAZUS damage state> 4 associated with PST1 and PST2.
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Concrete tank fragility curves (for DS-2)
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Figure D.14. Fragility Curvesfor Concrete Tanks (Group-2 and 3).

Group-4: LADWP experience indicates that in-ground storage facilities perform well
under seismic events or need to be characterized on a more detailed, site-specific basis.
Accordingly, it is assumed that a Group-4 tank or reservoir would not fail due to seismic ground
motions. We have used a dummy lognormal fragility curve resulting in zero failure probabilities
for al possible seismic intensity levels. The dummy lognormal fragility curve used in the
fragility module can be easily replaced in the future when and if new data are acquired that can

help delineate a more appropriate fragility curve. Figure D.15 illustrates the dummy lognormal
fragility curve for in-ground storage facilities.

1

Buried tank fragility curve (for DS-2)

08r
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o
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a 04r
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Figure D.15. Fragility Curve for Buried Tanks (Group-4).
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Table D.1 shows the parameters of the lognormal fragility curves for the 4 tank and
reservoir types defined above. Figure D.16 shows the lognormal fragility curves for the 4 tank
types.

Table D.1. Parameters of Lognormal Fragility Curves for Water Tanks.

Group Median (in g units) Dispersion
1 (steel) 1.294 0.387
2 (anchored concrete) 0.950 0.600
3 (unanchored concrete) 0.700 0.550
4 (buried) 10.000 0.001

o
o
:

Probability

o
=~

=== Group-1: Steel

| === Group-2: Anchored concrete
4y —Group-3: Unanchored concrete
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Figure D.16. Fragility Curves for Water Tanks.

Note: A tank that is not in the 2002 LADWP H20ONet Model is assumed to be in Group-3, which

resultsin the largest failure probability (hence a conservative assumption).

D.5.4 Modeling Reservoirs as Tanks

In some cases, it is necessary to model areservoir as a “tank” such that the level of the reservoir
could vary with time. In such a case, the reservoir will have atank ID that will be subject to the
tank fragility code, and since this tank ID did not appear at the time tank 1Ds were assigned to
Groups (this is hard-coded as a part of the tank fragility module) it will be assumed to be in
Group-3, which results in the largest failure probability (the most conservative assumption) . In

reality, reservoirs are large, buried structures and should not be subject to tank damage. A trick
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can be used to prevent these reservoirs (classified as tanks) from being subject to the tank
fragility module. Open the Tanks PGA Scenario#.inp file and add the tank IDs for the
reservoirs being classified as tanks and give each an extremely low PGA value of 0.000001g.
The PGA vaue cannot be zero due to calculation restrictions. It is not necessary, but would be
good practice to then remove the reservoir 1Ds from the Reservoirs PGA Scenario#.inp file
since it now appears in the Tanks PGA Scenario#.inp file. Before each simulation, be sure you
are using the appropriate tank and reservoir PGA files that capture what you are actualy
modeling. During each simulation using the tank fragility module, check the
Fragility_output.inp file created to see which tank IDs are being damaged. If a reservoir you
were trying to prevent from being damaged is appearing as damaged with each simulation, you

have a clue to double check the PGA input files you are using.

D.5.4 Other components (pumps, valves, reservoirs)

Experience indicates that pumps, valves and reservoirs perform very well under seismic
events. Hence the dummy lognormal fragility curve used for the buried tanks, resulting in no
damage, is used for these components as well. Similarly, if new data are acquired that can help
delineate a more appropriate fragility curve, the new curve can be easily implemented in the

module.
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D.5.5 A summary of LADWP tanks and in-ground storage facilities

H20Net ID |Name Type Date Group
H4040 summerland tank no2 welded steel covered 1968 1
H4030 Oth street tank riveted steel covered 1926 1
H4010 harbor heights tank no2 welded steel covered 1962 1
H4160 harbor hills tank steel 1
CC4040 baldwin hills tank welded steel elevated 1952 1
SY 4010 paseo miramar tank riveted steel pipe inclined, buried 1941 4
\WS4010 sawtelle tank welded steel covered 1986 1
SM4030 blue jay tank welded steel covered 1961 1
SM4040 briarcrest tank welded steel covered 1938 1
SM4090 lookout mountain tank nol welded steel dome covered 1933 1
SM4100 lookout mountain tank no2 welded steel covered 1960 1
SM4230 cyprean tank welded steel covered 1958 1
SM4050 coldwater canyon tank no2 prestressed concrete covered 2000 2
SM4080 firenze tank no2 prestressed concrete 2
HH4000 griffith park tank no2 welded steel covered 1975 1
EH4010 corbin tank welded steel covered 1987 1
SY 4040 temescal tank prestressed concrete covered 1992 2
SY 4050 trailer tank prestressed concrete covered 1985 2
SY 4060 marquez knolls tank welded steel covered 1963 1
SM 4060 eastridge tank no2 welded steel covered 1970 1
SM4110 roscomare tank nol hewitt type circular conrete 1941 3
SM4120 roscomare tank no2 prestressed concrete covered 1956 2
SM4150 summitridge tank wel ded steel 1962 1
SM4280 mountain gate tank welded steel covered 1983 1
HH4010 hollywood knolls tank no2 welded steel covered 1970 1
HH4050 innsdal e tank riveted steel covered 1931 1
HH4060 mulholland tank riveted steel covered 1931 1
HH4090 tyrolean tank no2 welded steel covered 1961 1
MW4070 elysian park tank riveted steel covered 1926 1
MW4080 edendal e tank concrete encased steel covered 1906 3
SM4000 alta view tank welded steel covered 1964 1
SM4010 beverly glen tank no2 prestressed concrete covered 2000 2
SM4020 beverly ann tank welded steel covered 1966 1
EH4000 calnevatank welded steel covered 1959 1
EH4040 sepul veda tank welded steel 1966 1
EH4080 zel zah tank welded steel covered 1948 1
CC4750 rowena tank prestressed concrete covered 2000 2
HH4170 los feliz tank prestressed concrete covered 2000 2
HH4180 toyon tank (north) prestressed concrete covered 2000 2
HH4190 toyon tank (south) prestressed concrete covered 2000 2
MW4000 ascot tank prestressed concrete covered 1990 2
HP4040 lomitas tank bolted steel covered 1929 1
HP4140 bairdstown tank nol riveted steel covered 1923-1930 1
HP4150 bairdstown tank no2 welded steel covered 1948 1
MW4130 mount washington tank nol  concrete circular covered 1948 3
MW4140 mount washington tank no2  reinforced concrete covered 1954 2
MW4150 meridian tank wel ded steel 1996 1
HP4010 highland park tank hewitt type circular conrete 1937 3
HP4020 \verdugo tank welded steel covered 1939 1
HP4050 kulli tank concrete covered 1923 3
HP4070 hillmont tank no2 welded steel covered 1980 1
GH4000 donick tank welded steel covered 1982 1
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H20Net ID |[Name Type Date Group
GH4070 kittridge tank no3 welded steel covered 1973 1
GH4080 kittridge tank no4 welded steel covered 1973 1
EH4050 topanga tank welded steel covered 1936 1
ST4020 higway highlands tank welded steel covered 1958 1
ST4040 estepa tank no2 welded steel covered 1964 1
ST4060 sunland tank riveted steel covered 1938 1
\VF5540 tujunga tank prestressed concrete covered 1993 2
ST4010 apperson tank reinforced concrete covered 1929-1951 3
ST4030 irmatank welded steel covered 1953 1
ST4080 rim canyon tank welded steel covered 1956 1
\VF5070 clear well tank welded steel covered 1986 1
GH4060 lakeside tank no2 bolted steel covered 1954 1
ST4070 sister elsietank welded steel covered 1956 1
GH4020 susana tank prestressed concrete covered 1990 2
FH4030 maclay tank nol prestressed concrete covered 1992 2
FH4040 maclay tank no2 prestressed concrete covered 1992 2
FH4010 altavistatank nol riveted steel covered 1929 1
FH4020 altavistatank no2 welded steel covered 1954 1
HH4110 wonderview tank horizontal welded steel pipe, buried 1941 4
H4050 summerland res. nol concrete covered sunken, buried 1934 4
H4020 18th street res. concrete covered, buried 1921 4
H4090 harbor city res. concrete covered, buried 1929 4
IV F4140 laurel canyon res. circular concrete sunken covered, buried 1931 4
SM 4070 firenze res. nol concrete covered, buried 1941 4
SM4160 woodrow wilson res. sunken concrete circular, buried 1931 4
SM4220 eastridge res. (nol) concrete covered, buried 1950 4
SM4140 mandevilleres. concrete covered, buried 1950 4
EH4060 winnetkares. no2 concrete covered, buried 1957 4
EH4070 winnetkares. nol concrete covered, buried 1950 4
\VF4270 north hollywood forebay concrete sump 4
ST4050 redmont res. excavated concrete lined covered, buried 1920-1951 4
SY 4000 pacific palisades res. concrete covered, buried 1929 4
CC4250 franklin res. no2 (lower) earth fill dam, A. C. 1982 4
SY 4030 santa ynez canyon res. earth fill dam, asphalt 1970 4
CC4220 ivanhoe res. earth reservoir 1906-1952 4
CC4230 silver lakeres. earth fill dam, A. C. 1908-1953 4
CC4240 elysian res. earth fill dam, A. C. 1903-1943 4
MW4100 solano res. concrete lined covered, buried 1904 4
WS4020 stone canyon res. (lower) earth fill dam, natural 1921-1956 4
WS4030 stone canyon res. (upper) earth fill dam, A. C. 1954 4
V5550 encino res. earth fill dam, natural 1921 4
CC4280 hazard res. excavated concrete lined covered, buried 1902-1918 4
HP4030 garvanzares. concrete lined covered, buried 1902-1907 4
HP4060 eagle rock res. earth fill dam, A. C. 1953 4
FH4000 green verdugo res. earth fill dam, A. C. 1953 4
GH4150 de soto res. cut and fill res. covered, buried 1941 4
FH4050 maclay res. concrete lined covered, buried 1917 4

Table D.2. A Summary of LADWP Tanks and In-Ground Storage Facilities.

Note: Another file for reservoirs also exists in the 2002 LADWP H20Net Model. The reservoir

fileincludes al the reservoirsin the table above, as well as other reservoirsin the system.
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D.5.6 Seismic hazard at the location of tanks, pumps, valves and reservoirs

The peak ground accelerations at the location of tanks, pumps, valves and reservoirs are
obtained by scaling the peak ground accelerations at the level of bedrocks (provided by the URS)
by factors depending on the local soil conditions. The scaling factors that are used for this

purpose for different NEHRP site classes are provided in Table D.3.

. Correction Factor

Site

Class (PGA >0.15 AND | (PGA >0.25 AND | (PGA >0.35 AND
(PGA<=0.15)| PGA <=0.25) PGA <= 0.35) PGA <=0.45) |(PGA > 0.45)

A 0.8 0.8 0.8 0.8 0.8
B 1 1 1 1 1
C 1.2 1.2 1.1 1 1
D 1.6 1.4 1.2 1.1 1
E 2.5 1.7 1.2 0.9 0.9*

AB 0.9 0.9 0.9 0.9 0.9

BC 1 1 1 1 1

CD 1.4 1.3 1.15 1.05 1

DE 2.05 1.55 1.2 1 0.95*

Values shown with an asterisk (*) in Table D.3 were not provided in NEHRP Provisions and are
based on judgment (Source: HAZUS — MH Technical Manual).

Table D.3. Site Amplification Factors for PGA

16




REFERENCES
Federal Emergency Management Agency (FEMA), Multi-Hazard Loss Estimation Methodol ogy
- Earthquake Mode. Department of Homeland Security, Federal Emergency Management

Agency, Mitigation Division, HAZUS-MH MR2 Technical Manual, 2006.

O'Rourke, M. J. and So, P., Seismic Fragility Curves for On-Grade Steel Tanks. Earthquake
Spectra, Vol. 16, No. 4, 2000, pp. 801-815.

17



APPENDIX E
FLOW AND NETWORK NONLINEARITIES

E.1 INTRODUCTION

This appendix highlights examples of flow and network nonlinearities that are time
dependent are affected by network modeling choices. Network models that include tanks with
the ability to drain and fill over time can display nonlinear flow characteristics. Specid
consideration should be given to how these types of tanks interact with others nearby, aswell as
the selection of the size of time step for smulation. Examples illustrating the importance of

these factors are presented in the following sections.

E.2 VARYING TANK LEVELS

The model created for the 2007 LADWP water system contains two types of tanks which
allow tank levels to vary with time: cylindrical tanks and variable areatanks. A cylindrical tank
is defined by a bottom elevation (feet), initial height of water above the bottom elevation (feet)
and tank diameter (in feet). The tank is assumed to have a constant diameter and the volume of
water (cubic feet) in the tank is calculated at each time step based on the current height of water
and the diameter of the tank. As an aternative to a constant diameter tank, a user may specify a
variable area tank where the volume of water is defined by a curve that relates water volume
(cubic feet) to the height of water in the tank (feet). EPANET linearly interpolates the water
volume based on the user defined curve.

An example of a variable area tank curve for the Los Angeles Reservoir is shown in
Figure E.1(a). It should be noted that when viewing a variable area tank curve in
AutoCad/H20Net, the x-axis represents the water volume in cubic feet, and the y-axis represents
the water height in feet. In the GIRAFFE input file, the values for the curves are listed under the
heading [CURVES] and an example is shown in Figure E.2(b). The values are listed following
the Curve ID (in this case, “VF04”) with the first number representing the height of water in feet,
and the second value representing water volume in cubic feet.



A user may also specify a minimum and maximum height of water (feet) or a minimum
volume of water (cubic feet), and the level of the tank will vary within these boundaries. If the
water height in a tank drops below the minimum level (the tank is empty), the outgoing pipe is
automatically closed and no further water can exit the tank. Similarly, if the water height reaches

the maximum level (the tank is full), the incoming pipe is closed and no further water can enter
the tank.
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Figure E.1(a). Variable AreaTank Curve for Los Angeles Reservoir in Autocad/H20Net.



Curve Water Water Volume
ID Height (ft) (cu. ft.)
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Figure E.1(b). Variable Area Tank Curve for Los Angeles Reservoir in GIRAFFE input file.

E3 SELECTIONOFTIME STEP



The architecture of the GIRAFFE program makes the size of the simulation time step
critical to obtaining accurate results. GIRAFFE assumes all demands and tank levels remain
constant for the duration of the time step, and only updates these values at the start of the next
time step. Thus, choosing a large time step may obscure some network subtleties that would

otherwise be observed with a smaller time step.

Consider the ssmple network model shown in Figure E.2. Tank 1 is modeled as a Fixed
Head Reservoir which means the level of water in the tank remains constant. Tank 2 is modeled
as a Cylindrical Tank which allows the water level to vary dynamically. Tanks 1 and 2 are
connected by a pipe with a check valve such that water can only flow from Tank 1 to Tank 2

(water will never flow from Tank 2 towards Tank 1).

At the start of a simulation, Tanks 1 and 2 have the same elevation head, thus no flow
occurs between them for the first time step. As Tank 2 drains with time, the elevation head will
drop below that of the Fixed Head Reservoir, Tank 1, and flow will be induced from Tank 1 to
Tank 2. To illustrate the importance of time step selection, consider two 24-hour simulations for
this network with different time step increments: time step of 6 hours, and time step of 1 hour.
For the purposes of this example, assume Tank 2 starts with 4 million gallons of water, and

supplies a demand of 56,000 gpm.

Tank 2 Tank 1
Check valve /

v

Demand Demand Demand




Figure E.2. Example Network Model.
24 Hour Simulation with 6 Hour Time Step

GIRAFFE assumes that all tank levels and demand values remain constant for the duration of a
time step. To calculate how much water is lost from Tank 2 during the first 6 hour time step,
GIRAFFE computes:

Tank Volume —[(Demand on tank) x (No. of Hoursin Time Step)]
4 mil. Gal. —[(56,000gpm) x (6 hrs)] =-16,160,000 Gal.

Clearly, the tank cannot have a negative amount of water — the above computation shows that the
tank goes dry during the 6 hour time step. The tank goes dry after only 71 minutes in this
example, and as the GIRAFFE simulation continues negative pressure nodes develop around this
dry tank as the demand remains at 56,000gpm and the tank and connection pipes are removed

from the system.

24 Hour Simulation with 1 Hour Time Step

To calculate how much water is lost from Tank 2 during the first 1 hour time step, GIRAFFE

computes:

Tank Volume — [(Demand on tank) x (No. of Hoursin Time Step)]
4 mil. Gal. —[(56,000gpm) x (1 hrs)] = 640,000 Gal.

Tank 2 has lost 84% of its original volume, but has not been removed due to negative pressure
occurrences as seen with the 6 hour time step example. At the end of this time step, GIRAFFE
updates al tank levels and demand values. Since Tank 2 has drained it now sits at a lower
elevation head than Tank 1, and in the next time step water will flow through the pipe connecting

the two tanks and Tank 1 will be replenished and remain in-service for the duration of the next



time step. Over the full 24 hours, this interaction continues and Tank 2 is continually
replenished by Tank 1 and all demands remained satisfied.

This example illustrates how important time step selection can be. In large-scae
modeling it is difficult to predict and catch where interactions such as these occur and the
ramifications of not capturing these subtle types of network behavior can be widespread. It is
recommended that the user always select the smallest possible time increment (1 hour) so as not

to miss any important network interactions.



