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Preface

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

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

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

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

This report presents a comprehensive model for simulating the earthquake performance of water 
supply systems. The model is developed in conjunction with the water system operated by the Los 
Angeles Department of Water and Power (LADWP) and validated through comparisons to ob-
servations and fl ow measurements for the heavily damaged LADWP water supply after the 1994 
Northridge earthquake. The earthquake performance of damaged water supply systems is simulated 
using hydraulic network analysis that uses an iterative approach to isolate the network nodes with 
negative pressures. The isolation process accounts accurately for reliable fl ows and pressures in the 
damaged water networks by removing unreliable fl ows and identifying those portions of the system 
requiring mitigation. An analytical model is developed to predict the effect of seismic waves on 
underground pipelines. The seismic performance of the LADWP system is simulated using a multi-
scale technique in which the LADWP trunk system is explicitly accounted for, while the remaining 
distribution lines are simulated through fragility curves relating demand to repair rate. The repair 
rate, in turn, is correlated with peak ground velocities, and fragility curves are developed on the 
basis of distribution network simulations. The proposed model is integrated into computer code, 
Graphical Iterative Response Analysis for Flow Following Earthquakes (GIRAFFE) developed by 
the authors, which presents the simulation results in GIS format.
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ABSTRACT 

 

This report describes a comprehensive model for simulating the earthquake 

performance of water supply systems.  This model is developed in conjunction with the 

water supply system operated by the Los Angeles Department of Water and Power 

(LADWP) and validated by a favorable comparison of simulation results with 

observations and flow measurements for the heavily damaged LADWP water supply 

after the 1994 Northridge earthquake.  

 

Earthquake performance of water supply systems is simulated using hydraulic 

network analysis.  Hydraulic simulation procedures for heavily damaged water supply 

systems are developed on the basis of an iterative approach to isolate the network 

nodes with negative pressures step by step, starting with the one of highest negative 

pressure.  The isolation approach accounts accurately for reliable flows and pressures 

in the damaged system.  The isolation approach removes unreliable flows, and 

identifies vulnerable parts of the damaged system for mitigation.  

 

To predict earthquake damage to underground water supply pipelines, an 

analytical model is developed for surface wave interaction with jointed concrete 

cylinder pipelines (JCCPs).  A dimensionless chart is developed for estimating the joint 

pullout of JCCPs under the action of seismic waves.  This model is applied to analyze 

seismic wave interaction with other jointed pipelines, such as cast iron (CI) pipelines 

with lead-caulked joints.  Dimensionless reduction curves are developed for estimating 

joint pullout associated with brittle and ductile joint performance. 

 

Pipeline damage in hydraulic simulations is classified as breaks and leaks.  A 

break is simulated by disconnecting the original pipeline completely and opening the 

broken ends into the atmosphere; a leak is simulated as an orifice in the pipe wall.  

Energy loss from the leak is accounted for as minor losses.  Five different scenarios of 

leakage are simulated as a function of pipe diameter.  
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Seismic performance of the LADWP system is simulated using a multi-scale 

technique.  This technique explicitly accounts for 2,200 km of pipelines, associated 

with the LADWP trunk system, and simulates the remaining 9,800 km of distribution 

lines by fragility curves relating demand to repair rate in the distribution network.  

Repair rate, in turn, is correlated with peak ground velocity.  The fragility curves are 

developed on the basis of LADWP distribution network simulations.   

 

A computer code, GIRAFFE, is developed for the implementation of the 

model.  GIRAFFE builds on an open source hydraulic network analysis engine, 

EPANET, and works in conjunction with Geographical Information Systems (GIS) for 

simulation result presentations.   
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1 

CHAPTER 1  

 

INTRODUCTION 

 

1.1 BACKGROUND 

 

Water supplies constitute a key component of critical civil infrastructure that 

supports fire protection and provide 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; Scawthorn, et al., 2006), 1971 San 

Fernando (e.g., Steinbrugge, et al., 1971; Subcommittee on Water and Sewerage 

Systems, 1973; Eguchi, 1982), and 1994 Northridge (e.g., Lund and Cooper, 1995; 

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

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. 

  

There has been extensive work performed on the seismic modeling of water 

supply systems.  Early studies focused on component behavior and simple system 
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models (e.g., Hall and Newmark, 1977; Wright and Takada, 1980; Hwang and Lysmer, 

1981; O’Rourke, 1998).  As more advanced experimental and computational modeling 

was developed, network simulations were explored to assess system reliability and 

serviceability (e.g., Eguchi, et al., 1983; Ballantyne, et al., 1990; Khater and Grigoriu, 

1989; Markov, et al., 1994; Shinozuka, et al., 1981, 1992, 1998; Hwang, et al., 1998; 

Chang, et al., 2000).   

 

Water supplies are large, geographically dispersed systems that are composed 

of many different types of pipelines as well as other supporting facilities, such as tanks, 

reservoirs, pumping stations, and regulator stations.  Moreover, water supplies are 

subject to seismic and geotechnical loading conditions associated with spatially 

variable ground conditions, seismic sources, and source to site pathways for seismic 

waves.  It is not possible to model such systems in a deterministic manner, and thus 

probabilistic methods have been developed to characterize system performance.  

Scenario earthquakes for evaluating system performance are often chosen on the basis 

of recurrence interval so that the seismic hazard can be linked with the probability of 

exceedance within a certain time span, often taken as 50 years (Frankel, et al., 1996).  

The response of a lifeline system to various seismic hazards is often assessed in a 

probabilistic way because it is not possible a priori to predict where damage will 

occur, although it is possible to estimate average rates of repair under various extreme 

event conditions. Monte Carlo simulations are performed to predict system response, 

followed by the probabilistic characterization of system reliability and serviceability.  

The probabilistic approach has been applied to evaluate the seismic performance of 

the water supply system operated by Memphis Light, Water and Gas (MLWG) in 

Memphis and Shelby County, TN, by Shinozuka, et al. (1998) and Chang, et al. (2000), 
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as well as the Auxiliary Water Supply System (AWSS) in San Francisco by Khater 

and Grigoriu (1989) and Markov, et al. (1994). 

 

A key feature of modern water supply system modeling is the use of 

geographic information systems (GIS).  The rapid development of computer mapping 

and visualization tools, embodied in GIS, provides a powerful basis for evaluating 

earthquake effects on water supplies.  GIS has become an engine for driving new 

methodologies and decision support tools focused on the spatial variation of 

earthquake effects.  The Japan Water Works Association (1996) developed a very 

large GIS database of 7 water distribution networks with 12,000 km of pipelines and 

2885 damage-related repairs collected after the 1995 Kobe earthquake.  In U.S., the 

Cornell research group (Topark, 1999; Jeon, 2002; O’Rourke, et al., 2001) developed 

similar GIS databases for the water supply system operated by the Los Angeles 

Department of Water and Power (LADWP).  The Cornell GIS databases include more 

than 11,000 km of distribution (pipe diameter < 610 mm) and 1000 km of trunk lines 

(pipe diameter ≥ 610 mm), as well as over 1000 distribution and 100 trunk line repairs 

collected after the 1994 Northridge earthquake. 

  

More recently, the economic and community consequences of earthquake 

damage have been integrated with network simulations to create models and a 

modeling process that link component behavior through system reliability and 

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

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

Chang, et al. (1996, 2000, 2002) linked the MLWG water delivery damage with 

economic consequences through a methodology that correlates water losses with areas 

of economic activity, adjusts for business resiliency, and accounts for direct and 
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indirect economic losses.  Indirect economic losses were initially estimated with 

Input-Output analysis (Rose, et al., 1997) and were recently estimated by employing 

Computable General Equilibrium methods (Rose and Liao, 2003). 

 

Early water supply network simulations (Eguchi, et al., 1983) focused on 

connectivity analyses, which trace the connectivity of customers to water sources and 

identify water outage areas.  Recent system network simulations have been improved 

by using hydraulic network analyses, which utilize the physical and operational 

properties, topology, and demands of a water supply system as basic input data, and 

calculate pressure and flow distributions (e.g., Jeppson, 1976; Thomas, 1984; Walski, 

et al., 2001).  Hydraulic network analyses automatically take the network connectivity 

into account and incorporate system dynamics and operational characteristics into the 

simulation.   

 

Many researchers have applied hydraulic network analysis to evaluate the 

reliability and serviceability of existing water supply systems in areas vulnerable to 

earthquakes.  Ballantyne, et al. (1990) developed an earthquake loss estimation model 

and applied this model to the Seattle water supply system.  In their model, earthquake 

damage to water supply components was evaluated and hydraulic network analysis 

was performed to the damaged system for system serviceability prediction.  Shinozuka 

and coworkers (Okumura and Shinozuka, 1991; Shinozuka, et al., 1981, 1992; Hwang, 

et al., 1998) evaluated the seismic serviceability of the MLGW water supply system 

using hydraulic network analysis in conjunction with GIS.   

 

Of particular interest is the work performed on modeling the AWSS in San 

Francisco.  Khater and Grigoriu (1989) and Markov, et al. (1994) developed a 
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computer program, GISALLE, which has a special algorithm for negative pressure 

treatment in the hydraulic simulation of heavily damaged water supply systems.  This 

program was applied to evaluate the fire fighting capability of the AWSS under 

various supply, fire, and damage scenarios.  The AWSS, which was developed after 

the 1906 San Francisco earthquake, serves as the backbone of city fire protection in 

San Francisco (O’Rourke, et. al., 1985; Scawthorn, et al., 2006).  Research conducted 

by Khater and Grigoriu (1989) and Markov, et al. (1994) showed that the seismic 

serviceability of the AWSS is very sensitive to pipe breaks.  

 

To develop an improved model for simulating water supply system 

performance in response to earthquakes, this work uses the LADWP water supply as a 

test bed.  The LADWP water supply represents a very large and complex system, 

which covers a service area of 1,200 km2 and consists of more than 12,000 km of 

pipelines with diameters ranging from 50 (2) to 3850 mm (152 in.).  If simulation 

models and/or modeling procedures can be developed for successful application in 

such a complex system, they can be readily applied to less complex systems.  

Moreover, the damage sustained by the LADWP network during the 1994 Northridge 

earthquake provides a valuable resource for the validation of new models and decision 

support systems to improve emergency planning and community restoration.   

 

Previous research at Cornell University (Jeon, 2002; Jeon and O’Rourke, 2005; 

O’Rourke, et al., 2004b) has led to empirical regression relationships, which correlate 

repair rate with peak ground velocity for trunk and distribution pipelines.  These 

regressions apply to different types of pipelines, including cast iron, ductile iron, 

concrete, riveted steel, and steel with welded slip joints.  In combination with GIS, 

pre- and post- earthquake air photo measurements were used to evaluate the effects of 
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permanent ground deformation on buried pipelines during the Northridge earthquake 

(Sano, et al., 1999; O’Rourke, et al., 1998).  The research described in this report, in 

combination with the research performed by Wang (2006), represents an extension of 

previous work to develop a comprehensive model for simulating earthquake effects on 

water supply systems and to provide a methodology for planning and management to 

reduce the detrimental effects of future earthquakes. 

 

Soil-structure interaction triggered by seismic waves has an important effect on 

pipeline behavior, and when integrated over an entire network of pipelines, on system 

performance.  Surface waves are generated by the reflection and refraction of body 

waves at the ground surface.  Surface waves can be more destructive to buried 

pipelines than body waves by generating larger ground strain driven by their low 

phase velocity.  Papageorgiu and coworkers (e.g., Papageorigu and Kim, 1993; Pei 

and Papageorigu, 1996) analyzed the strong motion records collected in Santa Clara 

Valley during the 1989 Loma Prieta earthquake and demonstrated clear evidence of 

surface waves.  Ayala and O’Rourke (1989) reported severe damage to water supply 

pipelines related to surface wave effects during the 1985 Michoacan earthquake in 

Mexico City.   

 

Analytical models of surface wave effects on buried pipelines have practical 

significance for both pipe damage estimation and system response evaluation.  

Analytical models for surface wave effects on underground pipelines are developed in 

this work, and are complementary to the development of similar models for body 

wave effects by Wang (2006). 
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1.2 OBJECTIVES 

 

The general goal of this work is to develop a comprehensive model for the 

seismic response simulation of water supply systems.  This model is developed in 

conjunction with the LADWP water supply system.  This model needs to: 1) account 

accurately for reliable hydraulic flows and pressures in heavily damaged water supply 

systems; 2) provide analytical models for analyzing surface wave interaction with 

underground pipelines; 3) incorporate a comprehensive method for simulating pipeline 

damage; 4) provide an effective way to simulate complex water supply systems; 5) be 

implemented into a computer code and validated by a case history.  The general goal 

of this report is addressed by focusing on five specific objectives as described briefly 

under the subheadings that follow: 

 

1.2.1 Hydraulic Network Analysis for Damaged Systems 

 

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.  Real water supply systems are not air tight, and thus their ability to support 

negative pressures is limited.  In this study, simulation procedures for hydraulic 

network analyses are developed on the basis of an iterative approach to isolate the 

nodes with negative pressures step by step, starting with the one of highest negative 

pressure.  The isolation process 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.  The approach followed in this work is similar to 

that described by Khater and Grigoriu (1989) and Markov, et al. (1994).  

Improvements in the previous methodology are introduced by linking the algorithm 

for eliminating negative pressure nodes with a robust hydraulic analysis engine, 

removing nodes with partial flow to improve numerical stability, and providing the 

analysis package as open source software. 

 

1.2.2 Seismic Response of Buried Pipelines to Surface Wave Effects 

 

This work presents an analytical model for analyzing the joint pullout of buried 

pipelines affected by surface waves.  By accounting for the mechanism of shear 

transfer and relative joint movement as a result of soil-structure interaction, substantial 

insight about potential joint pullout is obtained.  By accounting for different joint 

tensile behaviors, this model is able to analyze pipelines caulked with different types 

of joints.  Finite element results of the joint pullout for jointed concrete cylinder 

pipelines (JCCPs) are consistent with the field observations from previous 

earthquakes.  In conjunction with the work conducted by Wang (2006) on body wave 

effects, this work develops a dimensionless plot for estimating the relative joint slip of 

JCCPs.  The application of the dimensionless plot is expanded to other types of 

pipelines composed of joints exhibiting ductile tensile failure, such as cast iron (CI) 

pipelines with lead-caulked joints, by incorporating a dimensionless reduction factor 

to consider the joint ductility. 
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1.2.3 Pipe Damage Modeling 

 

To simulate the seismic performance of water supply systems, earthquake 

damage to pipelines needs to be added in the network and then hydraulic simulation is 

performed to the damaged network.  This work presents a comprehensive model for 

pipeline damage simulation in hydraulic network analysis.  Pipe damage is classified 

into breaks and leaks according to the extent of pipe functionality loss for water 

transportation purposes.  A pipe break is modeled by disconnecting the original pipe 

completely and opening the disconnected ends to the atmosphere.  A pipe leak is 

modeled as an opening in the pipe wall, and energy loss from the leak is accounted for 

as minor losses.  Five leak scenarios with different rupture states are identified based 

on pipe material properties, joint characteristics, and seismic damage mechanisms.  

Leakage is then characterized as a function of pipe diameter.   

 

1.2.4 Multi-Scale Technique for Water Supply System Modeling 

 

Water supply systems are characterized by broad coverage and a high level of 

detail.  The broad coverage is associated with 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, 

would be difficult to manage and trouble shoot.  In this study, a multi-scale technique 

is proposed to model the LADWP water supply system.  The system response is 

simulated by a system-wide hydraulic network model, which includes 2200 km of 

pipelines, ranging in diameters from 300 (12) to 3850 mm (152 in.), associated with 

the LADWP trunk system.  The other 9800 km of small diameter distribution lines are 

modeled as demand nodes in the trunk system.  When using the trunk system model 
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for earthquake simulations, damage to trunk lines is explicitly accounted for by adding 

breaks and leaks.  Damage to distribution lines is simulated implicitly by increasing 

the demands at nodes in the trunk system.  The increased demands are characterized 

by fragility curves that relate demand to repair rate in the distribution network.  Repair 

rate, in turn, is correlated with peak ground velocity and permanent ground 

deformation.  The fragility curves are developed on the basis of LADWP distribution 

network simulations. 

 

1.2.5 Evaluation of Northridge Earthquake Performance 

 

As part of the study, a software package, GIRAFFE, is developed for the 

hydraulic network modeling of heavily damaged water supply systems.  GIRAFFE 

stands for Graphical Iterative Response Analysis for Flow Following Earthquakes.  It 

has specific features to eliminate negative pressures, represent different damage states, 

assess earthquake demands from local distribution networks, and perform Monte Carlo 

simulations.  To assess the GIRAFFE simulation capabilities, the seismic response of 

the LADWP system to the 1994 Northridge earthquake is used as a case history.  The 

GIRAFFE simulation results of the LADWP system during the 1994 Northridge 

earthquake are shown to produce water outages and flows at key locations that 

compare favorably with the documented water outages and flows monitored by 

LADWP.   

 

1.3 SCOPE 

 

This work is divided into eight chapters, the first of which provides the 

background and objectives of this study.  Chapter 2 describes hydraulic network 
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analyses for undamaged water supply systems.  The basic components in a hydraulic 

network, fundamentals of fluid mechanics, and principle laws governing water flow in 

the hydraulic network are introduced.  Four types of flow equations and their 

numerical solution procedures are discussed.  Hydraulic network analysis software 

packages, EPANET and H2ONET, are introduced.  Common limitations of these 

software packages, when used to simulate heavily damaged systems during 

earthquakes, are also discussed. 

 

Chapter 3 presents an algorithm for the hydraulic network analysis of heavily 

damaged water supply systems, with special treatment of negative pressures.  The 

generation of negative pressures is illustrated using a simple hydraulic network.  

Previous research on this subject is briefly reviewed and discussed.   

 

Chapter 4 presents an analytical model for buried pipeline response to surface 

wave effects.  The seismic wave propagation hazards to buried pipelines are briefly 

discussed.  An analytical model is developed for surface wave interaction with JCCPs, 

and a dimensionless chart is constructed to estimate the joint pullout of JCCPs under 

the action of seismic waves.  This model is applied to analyze seismic wave 

interaction with other jointed pipelines, such as CI distribution and trunk mains with 

lead-caulked joints.  Dimensionless reduction curves are developed for estimating 

joint pullout associated with brittle and ductile joint performance.   

 

Chapter 5 describes a comprehensive method for pipe damage simulation in 

hydraulic network analysis.  Hydraulic models for pipe leaks and breaks are developed.  

The methodology and its verification for the leak simulation are discussed.  A brief 

review of material properties, joint characteristics, and seismic damage mechanisms is 
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provided for various types of pipelines.  A classification for leak scenarios is 

proposed, and mathematical formulations are developed to estimate leakage for each 

scenario.  A description is provided for the implementation of the pipe damage model 

in association with Monte Carlo simulations to evaluate network performance.  

 

Chapter 6 describes a multi-scale technique for modeling complex water 

supply systems, with application to the LADWP system.  The LADWP system, 

including its trunk and distribution networks, is described.  Procedures for 

constructing fragility curves that relate demand to repair rate in local distribution 

networks, based on the Monte Carlo simulations, are described.   

 

Chapter 7 describes the computer code, GIRAFFE.  The major functions, input 

parameters, and output results of each GIRAFFE module are explained.  The observed 

performance of the LADWP system during the 1994 Northridge earthquake is 

discussed.  The GIRAFFE simulated flows at key locations of LADWP system during 

the Northridge earthquake are compared with flows measured by LADWP before and 

after the earthquake.  

 

The final chapter summarizes the research findings.  It presents conclusions 

pertaining to the research, and recommendations for future investigations. 
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CHAPTER 2 

 

HYDRAULIC NETWORK ANALYSIS FOR UNDAMAGED 

SYSTEMS 

 

2.1 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, storages, and the supporting 

infrastructures together comprise a water supply system.  A hydraulic network is a 

mathematical model of a water supply system, in which the water supply physical 

components 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 accomplished in the design, planning, and 

functioning of the water supply system. 

 

This chapter provides a brief introduction to hydraulic network analyses for 

undamaged water supply systems.  The basic components in a hydraulic network, 

fundamentals of fluid mechanics, and principle laws governing water flow in the 
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hydraulic network are introduced.  Four types of flow equations and their numerical 

solution procedures are discussed.  Hydraulic network analysis software packages, 

EPANET and H2ONET, are described.  Common limitations of these software 

packages, when used to simulate heavily damaged systems during earthquakes, are 

also discussed. 

 

2.2 COMPONENTS IN HYDRAULIC NETWORKS  

 

In general, a hydraulic network 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.  
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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 open 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.  

 

2.3 FUNDAMENTALS OF FLUID MECHANICS 

 

Hydraulic network analysis solves water flow and pressure conditions in a 

pressurized pipeline network using fluid mechanics.  The fundamentals of fluid 

mechanics, including fluid properties, flow regime, fluid energy, and the principle 

laws governing fluid flow, are briefly introduced in this section. 
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2.3.1 Fluid Properties 

 

The most important fluid properties taken into consideration in hydraulic 

network analysis are fluid density and unit weight, viscosity, and compressibility 

(Jeppson, 1976; Armando, 1987; Walski, et al., 2001).   

 

Density and Unit Weight 

 

The density of a fluid is the mass of the fluid per unit volume.  The density of 

water is 1000 kg/m3 at standard pressure of 1 atm and standard temperature of 0 oC.  

Although it varies with pressure and temperature, the variation is minor and not 

considered within the normal conditions for hydraulic network modeling.  The unit 

weight of a fluid is the weight of the fluid per unit volume.  The unit weight is related 

to density by gravitational acceleration as 

 

gργ =                                                     (2.1) 

 

in which γ  is the unit weight, ρ is the density, and g is the gravitational acceleration. 

The unit weight of water, wγ , at standard pressure and temperature is 9806 N/m3, 

which is treated as constant in hydraulic network modeling. 

 

Viscosity 

 

The fluid viscosity is the property that controls fluid resistance to flow.  This 

resistance results from shear stresses both within a moving fluid and between the fluid 

and its container (Jeppson, 1976).  Viscosity is defined as the ratio of the shear stress 
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to the rate of change in velocity.  This definition results in the following equation for 

fluid shear stress 

 

dy
dvμτ =                                                     (2.2) 

 

whereτ is the shear stress, μ  is the absolute (dynamic) viscosity, and dydv/  is the 

derivative of the flow velocity, v , with respect to the distance, y, normal to the flow 

direction. 

 

For hydraulic formulas related to fluid motion, the relationship between fluid 

viscosity and fluid density is often expressed as a single parameter, kinematic 

viscosity, which is expressed as  

 

ρ
μυ =                                                      (2.3) 

 

whereυ  and ρ are the kinematic viscosity and density of the fluid, respectively. 

 

 The viscosity of many common fluids, such as water, is a function of 

temperature, but not the shear stress, τ , or the rate of change in velocity, dydv .  

Such fluids are called Newtonian fluids to distinguish them from non-Newtonian ones, 

for which the viscosity depends on dydv .  The viscosity of water leads to the 

development of shear stresses between the pipe wall and flowing water, and therefore 

energy losses along the path of water flow.  This energy loss is called frictional loss, 

and the viscosity is an input parameter for estimating the frictional loss in hydraulic 
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network analysis.  The absolute and kinematic viscosities of water over the typical 

range of temperature for water supply operation can be found in the literature (e.g., 

Jeppson, 1976; Armando, 1987; Philip, et al., 1992). 

 

Compressibility 

 

Compressibility is a physical property of fluid that relates the volume occupied 

by a fixed mass of fluid to its internal pressure.  Compressibility is described by 

defining the fluid bulk modulus of elasticity as  

 

dV
dpVEV −=                                                     (2.4) 

 

where VE is the bulk modulus of elasticity, p  is the internal pressure, and V is the 

volume of fluid. 

 

 All fluids are compressible to some extent.  The effects of compression in a 

water distribution system are very small, and thus the flow equations used in hydraulic 

network analysis are based on the assumption that water is incompressible.  With a 

bulk modulus of elasticity of 2.83×106 kPa at 20 oC (Walski, et al., 2001), water can 

safely be treated as incompressible.   

 

2.3.2 Flow Regime 

 

  Observation shows that there are three types of fluid flow.  This was 

demonstrated by Ostorne Reynolds in 1883 (Douglas, et al., 1985; Walski, et al., 
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2001) through an experiment in which water was discharged from a tank through a 

glass tube,  as shown in Figure 2.1.  The flow rate could be controlled by a valve at the 

outlet, and a fine dye filament was injected at the entrance to the tube.  It was noticed 

that at very low flow rates, the dye stream remained intact with a distinct interface 

between the dye stream and the fluid surrounding it.  This condition is referred as 

laminar flow by Reynolds.  At slightly higher flow rates, the dye stream began to 

waver a bit, and there was some blurring between the dye stream and surrounding 

fluid.  Reynolds called this condition transitional flow.  At even higher flow rates, the 

dye stream was completely broken up, and the dye mixed thoroughly with the 

surrounding fluid.  Reynolds referred to this regime as turbulent flow.   

 

Based on experimental evidence gathered by Reynolds and dimensional 

analysis, a dimensionless number, Reynolds Number, is defined for pressurized 

circular pipes to characterize flow regimes.   

 

υ
ρ d

u
dRe

vv
==                                                (2.5) 

 

where eR is Reynolds Number, d is the pipe diameter, ρ  is the fluid density, u is the 

fluid absolute viscosity, v  is the fluid velocity, and υ  is the fluid kinematic viscosity.  

Conceptually, Reynolds Number can be thought as the ratio between inertial and 

viscous forces in a fluid.  The ranges of Reynolds Number that define the three flow 

regimes are shown in Table 2.1.  The water flow through municipal water supply 

systems is almost always turbulent, except in peripheral piping, where water demand 

is low and intermittent, and may result in laminar flow conditions. 

 



20 
 

 

Figure 2.1  Experimental Apparatus Used to Determine Reynolds Number 

(after Walski, et al., 2001) 

 

Turbulence in a fluid is manifested by the irregular state of flow in which fluid 

particle motion varies randomly in space and time.  However, it is statistically possible 

to establish mean values for the parameters used to characterize the particle motion.  

That is to say, in turbulent flow, fluid particles do not remain in layers, but move in a 

heterogeneous fashion.  Fluid particles collide with each other in an entirely random 

manner, but with a degree of regularity in time.  At a given movement, the flow 

pattern is repeated with some regularity in space (Armando, 1987).  Thus, the time-

averaged parameters of flow may be constant, in which case the flow is called steady 

state flow.  In contrast, unsteady state flow occurs when the averaged parameters 

change with time.   

 

  The two most important applications of steady state flow are the water flow in 

closed and open conduits.  A closed conduit is a pipe or duct through which water 

flow completely fills the cross-section.  Since the water has no free surface, the 

conduit is pressurized and the pressure may vary from cross-section to cross- section 
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Table 2.1  Reynolds Number for Various Flow Regimes 

Flow Regime Reynolds Number 

Laminar  

Transitional  

Turbulent 

< 2000 

2000 – 4000 

> 4000 

 

along its length.  An open conduit is a duct or open channel along which water flows 

with a free surface.  At all points along the length of the open conduit, the pressure at 

the free surface is the same, usually atmospheric.  An open conduit may be covered 

providing that it is not running full and the water retains a free surface.  A partly filled 

pipe will, for example, be treated as an open channel.  Hydraulic network analysis 

assumes pipes are completely filled and pressurized with water while steady state flow 

is reached. 

 

2.3.3 Fluid Energy 

 

Fluids possess energy in three forms.  The amount of energy depends on the 

fluid movement (kinetic energy), elevation (potential energy), and pressure (pressure 

energy) (Jeppson, 1976; Armando, 1987; Douglas, et al., 1985; Walski, et al., 2001).  

In a hydraulic network, a fluid can have all three types of energy simultaneously.  The 

total energy per unit weight of fluid is called total head, which consists of the velocity 

head ( g2v2 ) from kinetic energy, elevation head (z) from potential energy, and 

pressure head ( γp ) from internal pressure energy:  

 

g
pzH

2
v2

++=
γ

                                                (2.6) 
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where H is the total head, z is the elevation above datum, p is the fluid internal 

pressure, γ is the fluid unit weight, v is the fluid velocity, and g is the gravitational 

acceleration constant.   

 

In most water distribution applications, the velocity head, g2v2 , is relatively 

small compared with both the elevation head, z, and pressure head, γp , and is 

generally neglected.  The total head in hydraulic network analysis typically refers to 

the sum of the elevation and pressure heads. 

 

2.3.4 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, commonly occur 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. 

 

2.3.4.1 Frictional Loss 

 

 The frictional loss results from the shear stress developed between water and 

the pipe wall.  Its magnitude depends on the density, viscosity, and moving velocity of 

water, as well as the internal roughness, length, and size of the pipe (Jeppson, 1976).  



23 
 

There are various formulations to evaluate frictional head losses, and all formulations 

can be generalized into the following form (Walski, et al., 2001) 

 

kn
kfkfk QKh =                                                  (2.7) 

 

in which fkh is the frictional head loss along pipe k, kQ is the flow rate through the 

pipe, fkK  is a resistance coefficient, and nk 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, fkK , and flow exponent, nk, associated 

with each formulation are listed in Table 2.2.  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, Kfk, is a function of flow rate, 

Qk.  When Equation 2.7 is used to solve flow rate, Qk, with known head loss, fkh , 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. 
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Table 2.2  Frictional Head Loss Evaluation Formulas 

 

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). 

kl : Length of pipe  

kd : Diameter of pipe 

B: Dimensional constant in Hazen-Williams formulation, equal to 4.73 and 10.70 in 

British and SI 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 SI units, respectively. 

μ: Manning roughness coefficient, a function of the pipe physical properties.  The 

values of μ  for different types of pipeline are available in the literature (e.g., 

Jeppson, 1976; Armando, 1987; Walski, et al., 2001).  

Equation Resistance Coefficient fkK  Flow Exponent nk 

Darcy-Weisbach 
25

8
πk

k

gd
fl

 
2 

Hazen-Williams 
87.4852.1

k

k

dC
Bl

 
1.852 

Chezy-Manning 
333.5

2

k

k

d
Al μ

 
2 
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2.3.4.2 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 or not.  The 

minor losses are generally expressed as 

 

2'2
22 kmkk
k

mk
mk QKQ

gA
K

h ==                                        (2.8) 

 

in which )2( 2'
kmkmk gAKK = ,  g is the acceleration of gravity, kQ is the flow rate, mkK  

is the minor loss coefficient, and kA  is the pipe cross-sectional area.  The values of 

mkK  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; Waskli, 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 2.7 and 2.8, 

with the substitution of the selected resistance coefficient fkK  and flow exponent nk. 
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2.3.5 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 2.2.  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 

 

m
PoP cQhh −=                                                (2.9) 

 

where Ph  is the pump head, oh  is the cutoff (shutoff) head (pump head at zero flow), 

PQ  is the pump discharge, and c 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, which is dependent on system topology, but independent of the pump discharge. 
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Figure 2.2  General Shape of Pump Characteristic Curve 

 

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 2.3, 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.   

 

2.3.6 Principle Laws of Flow Analysis 

 

Many analytical computations in engineering and the physical sciences are 

based on relatively few fundamental principles and concepts.  Most important among 

them are the laws of mass and energy conservation, which are also the governing laws 

for flow analyses in hydraulic networks.   
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Figure 2.3  Pump Operation Point  

 

2.3.6.1 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 

 

i

n

k
ik QQ

pi ~
1

=∑
=

                                                  (2.10) 

 

in which iQ~  is the external flow at node i, (normally called demand), pin is the number 

of pipes connected to node i, k is an index for pipes, and ikQ is the flow rate in pipe k 

to node i.  Typically, ikQ  is positive for flows coming into the node and negative going 

out. In contrast, iQ~  is positive for flows going out of the node and negative coming 

into. 
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2.3.6.2 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 heads 

as 

 

f
j

w

j
jp

i

w

i
i h

g
p

zh
g

pz +++=+++
2
v

2
v 22

γγ
                            (2.11) 

 

where z is the elevation of nodes relative to the datum, p is the internal pressure 

measured from atmospheric levels, v is the flow velocity, wγ  is the unit weight of 

water, ph is the head gain from external mechanical energy, such as pumps, and fh  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 

 

0
1

=∑
=

Ln

k
kh                                                      (2.12) 

 

where Ln is the number of pipes in the loop and kh is the head gain or loss in pipe k . 
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2.4 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 solved for are flows in links and hydraulic heads at nodes.  The flows and 

hydraulic heads are linked with each other by the head loss equations, Equations 2.7 

and 2.8.  Based on different primary unknowns used in the equations, four types of 

flow equations can be developed, which are Q-, H-, QΔ - and hybrid equations 

(Jeppson, 1976), to express the laws of mass and energy conservation.  The four types 

of flow equations are discussed in the following sections.  For simplicity, the 

following equations are constructed for networks only with pipes and nodes, and all 

energy losses occur as frictional losses since minor losses can be expressed as 

frictional losses of an equivalent pipe.  All the symbols used in these equations, if not 

explained, have the same meaning as those used in the previous sections. 

 

2.4.1 Q-equations 

 

In this system of formulations, the flow rate, Q, in each pipe is taken as the 

primary unknown and solved first.  The hydraulic head, H, is solved successively 

according to the head loss equation, Equation 2.7, from a node with known head, such 

as a tank or reservoir, in the network.  For a network containing nn nodes, np pipes, and 

nL loops, the system of formulations consists of two separate sets of equations: 

 

i

n

k
ik QQ
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1

=∑
=

        i = 1, 2, ···, nn-1                                 (2.13) 
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kn
k
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k
fkQK                                 (2.14) 

 

Equation 2.13 follows directly from the continuity equation, Equation 2.10.  There are 

nn-1 independent continuity equations.  The nn
th continuity equation is satisfied 

automatically if the former nn-1 ones are satisfied.  Equation 2.14 results from 

substituting the frictional loss equation, Equation 2.7, into the loop energy 

conservation equation, Equation 2.12.  The script I represents the loop index, and k 

represents the pipe index in the loop.  The number of Equation 2.14 is equal to the 

number of loops, nL.  The nn-1 continuity equations are linear and the nL loop energy 

equations are nonlinear with respect to the flow rate, Q.  For the network with nn 

nodes, nL loops, and np pipes, the following expression is true (Jeppson, 1976)  

 

np = nn + nL - 1                                                (2.15) 

 

As such, the number of unknowns is exactly equal to the number of independent 

equations in this system of formulations.  All flows can be solved directly.  Since a 

large network may consist of thousands of pipes, this system of equations is best 

solved by systematic methods using computers.  Such techniques will be discussed in 

Section 2.5. 

 

2.4.2 H-equations 

 

In this system of formulations, the hydraulic head, H, at each node is set as the 

primary unknown and solved first.  The flow rate, Q, in each pipe is solved next from 



32 
 

the head loss equation, Equation 2.7.  Reformatting Equation 2.7 for a pipe k 

connected to nodes i and j results in 
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==                          (2.16) 

 

Substituting Equation 2.16 into the nodal continuity equation, Equation 2.10, there is 

the following set of equations: 

 

1-n , 2, 1,i           ~
n

1

1

==⎟
⎟
⎠

⎞
⎜
⎜
⎝

⎛ −
∑
=

i

n

k

n

fk

ji Q
K

HHpi k

              (2.17) 

 

For a network with nn nodes, a system of nn-1 nonlinear equations with respect to 

hydraulic head, H, can be developed.  The solution of these equations gives the head at 

each node with at least one known head, such as the head at a tank or reservoir, in the 

network.  The number of the H-equations is less than that of the Q-equations because 

no loop equations need to be solved.  However, all the H-equations are nonlinear. 

 

2.4.3 QΔ -equations 

 

In this system of formulations, a corrective flow, QΔ , in each loop is set as the 

primary unknown.  To construct the QΔ -equations, a network is divided into nL loops 

first.  An initial flow in each pipe is then assumed, which satisfies the nn-1 nodal 

continuity equations.  To satisfy the nL loop energy equations, Equation 2.12, a 

corrective flow is added into each loop.  Assuming the initial flow in pipe k as okQ  and 
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the corrective flow in loop I as IQΔ , a set of loop energy equations can be expressed 

as 

 

L

)(

1

n , 2, 1,I          0)( ==Δ+∑
=

k
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n
Iok

In

k
fk QQK        (2.18) 

 

The system of Equation 2.18 consists of nL equations and nL unknowns, IQΔ , such 

that all unknowns can be solved.  The final flow in each pipe is equal to the initial 

flow, okQ , plus the corrective flow, IQΔ . The hydraulic head can, thereafter, be solved 

using the head loss equation, Equation 2.7, successively from a node with known head 

in the network.   

 

Obviously, there are fewer loops than either pipes or nodes in a network, so the 

matrix developed by the QΔ -equations is smaller than that by the Q- and H-equations.  

However, all the QΔ -equations are nonlinear and this method is difficult to address in 

a computer solution because it involves cumbersome record keeping of loops and 

pipes.  

 

2.4.4 Hybrid Equations 

 

In this system of formulations, both flow rates in pipes and hydraulic heads at 

nodes are set as the primary unknowns and solved simultaneously.  Combining the 

head loss equations, Equation 2.16, and the continuity equations, Equation 2.10, 

results in  
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kn
kkfji QKHH =−                k = 1, 2, ···, np       (2.19) 

i

n

k
ik QQ

pi ~
=∑                            i = 1, 2, ···, nn        (2.20) 

 

Equations 2.19 and 2.20 can be assembled as a system of np + nn equations with np + 

nn unknowns; therefore, all flows and heads can be solved simultaneously.  Although 

there are more equations in the hybrid equations than the previous three systems of 

equations, the matrix formulated by Equations 2.19 and 2.20 are sparse, and the 

convergence rate is fast when solved by appropriate algorithms.  The details on how to 

solve the hybrid equations are discussed in Section 2.5.4, Gradient Method. 

 

2.5 NUMERICAL METHODS FOR FLOW EQUATIONS 

 

In the last section, four types of flow equations are described.  The solution to 

these equations involves solving a set of linear and/or nonlinear equations.  For 

networks with a large number of components, numerical methods have to be applied.  

Four widely used numerical methods are Hardy-Cross, Newton-Rapshon, linear 

theory, and gradient method.  

 

2.5.1 Hardy-Cross Method 

 

The Hardy-Cross method is the oldest and most widely used numerical method 

for analyzing pipe networks (Cross, 1936).  The Hardy-Cross method is most 

frequently used to solve QΔ -equations, and the H- and Q-equations can also be solved 

by this method.  The procedures for Hardy-Cross method applied to QΔ -equations 

are: 
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1. Divide the network into nL closed loops. 

2. Assume initial value of flow in each pipe okQ , with the continuity equation 

satisfied at each node.  

3. Compute the sum of head losses around a loop, keeping track of signs.  If the 

direction of movement (clockwise and counterclockwise) around the loop is 

opposite to the direction of flow in the pipe, the head loss, fkh , is negative, 

otherwise positive.  The sum of the head losses, IF , along the loop I, can be 

expressed as 
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4. Compute IQΔ for loop I using 
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The mathematical basis of Equation 2.22 is explained by Cross (1936) or Jeppson 

(1976). 

5. Correct okQ as Iok QQ Δ+ for loop I.  

6. Repeat steps 3 through 5 for each loop in the network. 

7. Perform steps 3 through 6 iteratively until the sum of head losses, IF , along all 

loops, is small enough to satisfy the required accuracy.  The final flow in each 
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pipe is equal to the flow in the previous iteration step plus the final corrective 

flow. 

8. Solve the hydraulic head at each node, using the head loss equation, Equation 

2.7, successively from a node with known head in the network. 

 

For this application of the Hardy-Cross method, the number of equations is 

equal to the loop number in the network.  It is typically small.  However, the 

convergence rate of the Hardy-Cross method is generally slow and strongly depends 

on the initial estimates of the iteration.  Thus, the Hardy-Cross method is more 

suitable for solving small systems by hand calculations. 

 

2.5.2 Newton-Raphson Method 

 

The Newton-Raphson method is probably the most widely used numerical 

method for solving implicit or nonlinear equations.  The main advantage associated 

with this method lies in its rapid convergence rate to the solution.  The mathematical 

principle of this method is that a solution to the equation F(x) = 0 can be obtained by 

the iterative formula )('/)( )()()()1( mmmm xFxFxx −=+ , in which the m+1 and m are 

indices for the iterative steps and )(' )(mxF is the derivative of )(xF with respect to x  at 

the mth iteration.  Mathematically, the error of the (m+1)th iteration is proportional to 

the square of the error in the mth; accordingly, it has a quadratic convergence rate.  The 

Newton-Raphson method can be applied to any of the four types of flow equations.  

Its application to the H-equations is described below as an example.  

 

1. Express Equation 2.17 for node i in the form of 
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in which iF  is a function of the hydraulic head, iH , at node i, and all the 

hydraulic heads, sH j ' , at the nodes having connection with node i.  The pin  is 

the number of pipes connected to node i. 

2. Assemble a system of nonlinear equations with Equation 2.23 applied to all 

nodes. 

 

0)( =HF                                                  (2.24) 

 

in which F  is a vector of continuity for all nodes, nn,..., ,2 1=i , and 

{ }
nn

T HHH ,,1=  is a vector of hydraulic heads.  

3. Solve Equation 2.24 iteratively using the Newton-Raphson formula as 

 

)())(( )()(1)()1( mmmm HFHFDHH −+ −=                            (2.25) 

 

in which )(mH is the estimate of the head vector at the mth iteration, and 

))(( )(1 mHFD− is the inverse of Jacobian matrix D  at )( )(mHF . 
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The iteration begins with an initial estimate of the head vector )0(H .  Then the 

matrix )( )0(HF  is developed, and the inverse of the Jacobian matrix 

))(( )0(1 HFD−  is calculated.  Thereafter )1(H  can be derived by Equation 2.25.  

The above steps iterate until the difference between two successive iterations is 

within the required accuracy, after which the hydraulic head at each node is 

solved. 

4. Solve the flow rate in each pipe according to the head loss equation, Equation 

2.7, from the known head at each node. 

 

2.5.3 Linear Theory Method 

 

The linear theory method has several distinct advantages compared with the 

Hardy-Cross and Newton-Raphson methods (Wood and Carl, 1972).  It does not 

necessarily require an initialization, and it always converges in relatively few 

iterations.  It is most suitable for solving the Q-equations.  Its application to solve the 

H- and QΔ -equations is not recommended.  The mathematical basis for this method is 

to transform the nL nonlinear Q-equations into linear equations as 
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kfkfk QKQQKQKh kk '][ 1 === −                           (2.27) 

 

in which, the coefficient 'fkK is defined as the product of fkK  multiplied by 1−kn
koQ , an 

initial estimate of the flow rate in pipe k.   

 

The procedures of applying the linear theory method to Q-equations are: 
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1. Express the continuity equation at each node as Q-equations: 
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                  i = 1, 2, ···, nn-1                  (2.28) 

 

2. Express the energy conservative equation in each loop as Q-equations: 
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3. Estimate the initial flow, koQ , and calculate 1' −= kn
kofkfk QKK  for each pipe. 

Typically, koQ is set as 1 and fkfk KK =' . 

4. Substitute 'fkK into Equation 2.29, and transform it into a linear equation of 

form: 
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5. Solve the system of linear equations, Equations 2.28 and 2.30, simultaneously, 

and update the coefficient of 'fkK  using the solved flow rate in each pipe.  

This iteration continues until the difference between the flow rate in each pipe 

in two successive steps is within the required accuracy. 

6. Solve the hydraulic head at each node, using the head loss equation, Equation 

2.7, successively from a node with known head in the network. 
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2.5.4 Gradient Method 

 

The gradient method is among the most efficient methods for solving flow 

equations because it solves for both flows and hydraulic heads simultaneously.  This 

method is utilized as the solver of many commercial hydraulic network analysis 

computer programs.  The gradient method is applied to solve the hybrid equations in 

which the hydraulic head at each node and the flow rate in every pipe are the 

unknowns.  The hybrid equations, Equations 2.19 and 2.20, can be written in the 

matrix format (Todini and Pilati, 1987) of 
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A  is a (np, np) diagonal matrix. 

A12 = A21
T                               (np, nn ) unknown head nodes incidence matrix. 

A10 = A01
T                               (np, no ) fixed head nodes incidence matrix. 

[ ]
pn

T QQQQ ,,, 21=                  (1, np) flow rates in each pipe. 

[ ]
nn

T
QQQQ ~,,~,~ ~

21=                  (1, nn) nodal demands. 

[ ]
nn

T HHHH ,,, 21=               (1, nn) unknown nodal heads 

[ ]
on

T HHHH 0,,0,00 21=       (1, no) fixed nodal heads 

with  

nn                                            number of nodes with unknown head 
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no                                            number of nodes with fixed head 

np                                            number of pipes with unknown flow 

⎪
⎩

⎪
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−

+
=

j node leaves i pipe of flow if     1
connectednot  are j node and i pipe if       0

 j node enters i pipe of flow if     1
),(12 jiA  

 

The upper part of Equation 2.31 represents the relationship between head loss 

and flow rate for pipes, while the lower part corresponds to the continuity of flow at 

nodes.  The matrix A11 is the head loss-flow relationship being used and A12 is a 

topological matrix containing the connectivity information between pipes and nodes.  

A12 is a (np × nn) matrix with just two nonzero elements in each row: a “-1” in the 

column corresponding to the starting node of a pipe, and a “+1” corresponding to the 

ending node.  A21 is the transpose of A12.  A10 is defined similarly to A12 for fixed head 

nodes.  Since A11 depends on the flows, the upper part of Equation 2.31 is a set of 

nonlinear equations.  In contrast, the lower part of Equation 2.31 is a set of linear 

equations.   

 

To solve the system of partly linear and partly nonlinear equations, one starts 

with the minimization of a slightly modified Content Model (Collins et al. 1978) to 

prove the existence and uniqueness of the solution.  Then the Newton-Raphson 

technique is applied in the enlarged space of flows and heads where the proof of the 

existence and uniqueness of the solution holds, and the problem is algebraically 

reconstructed to the recursive solution of a system of linear equations.  The solution to 

the system of linear equations is then efficiently obtained using the Incomplete 

Choleski Factorization/Modified Conjugate Gradient (ICF/MCG) algorithm proposed 

by Kershaw (1978).  A detailed derivation of the solution for Equation 2.31 is 

provided by Todini and Pilati (1987). 
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2.6 HYDRAULIC NETWORK ANALYSIS SOFTWARE 

 

Typically, a set of linear and/or nonlinear equations needs to be solved 

simultaneously in hydraulic network analysis.  The flow equations are best solved by 

computer programs.  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 open freely to public, a family of software 

packages, including WaterCAD (WaterCAD, 2005), MIKENET (MIKENET, 2005), 

H2ONET (MWH Soft Inc., 1999), and so on, use the EPANET analysis engine and 

develop their own products on top of it.  The LADWP hydraulic network model works 

with the software package H2ONET, which is fully compatible with EPANET. 

 

2.6.1 EPANET 

 

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 two versions of EPANET, DOS and Windows versions.  The 

DOS version is an analysis engine, coded in the C language.  The Windows version 
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includes the C coded engine and a graphical user interface (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.  

 

2.6.1.1 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.   

 

2.6.1.1.1 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 2.4 illustrates 

how these objects can be connected to one another to form a network.  Each reservoir, 
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Figure 2.4  Physical Components in an EPANET Hydraulic Network 

 

tank, pump, and valve, because of its different physical properties and/or functions, 

can have different modeling options.  Table 2.3 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 2.3 provides a brief description 

of the functions and basic input and output parameters, associated with hydraulic 

simulations of each physical component. 

 

2.6.1.1.2 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. 
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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 different shapes of pump curves, which are 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.  The efficiency curve is used for energy consumption and cost calculation 

associated with pump operations.  These calculations are not considered in this project.  

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 interval the quantity remains at a 
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constant level, equal to the product of its nominal value and the pattern's 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, 

simple and rule-based, in EPANET hydraulic network hydraulic simulations.  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.   

 

2.6.1.2 EPANET Input File 

 

EPANET stores all input data in a text file with the extension of file name, 

.inp.  The inp file is organized into sections, where each section begins with a key 

word enclosed in brackets.  The various sections are listed in Table 2.4.  A detailed 

example of the input file is shown in Table 2.5 in Section 2.6.1.5.  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 mainly stores information  
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Table 2.4  Sections in an EPANET Input File 

Network 
Components 

System 
Operation 

Water 
Quality 

Options and 
Reporting 

Network 
Map/Tags 

[TITLE] 

[JUNCTIONS] 

[RESERVOIRS] 

[TANKS] 

[PIPES] 

[PUMPS] 

[VALVES] 

[CURVES] 

[PATTERNS] 

[ENERGY] 

[STATUS] 

[CONTROLS] 

[RULES] 

[DEMANDS] 

[QUALITY] 

[REACTIONS] 

[SOURCES] 

[MIXING] 

[OPTIONS] 

[TIMES] 

[REPORT] 

 

[COORDINATES] 

[VERTICES] 

 

 

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.   

 

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, it provides an easy way to modify 

the input file by programming. 
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2.6.1.3 EPANET Hydraulic Simulation Methodology 

 

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 heads and flows at 

a particular time involves simultaneously solving a set of hybrid equations using the 

gradient method.  The hybrid equations and gradient method are discussed in Section 

2.4.4 and 2.5.4, respectively. 

 

2.6.1.4 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 
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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.  

 

2.6.1.5 An Example of EPANET Simulation 

 

 Figure 2.5 shows the same water distribution network as the one in Figure 2.4, 

with component IDs and nodal demands.  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 6 liters 

per second (100 gpm).  All network information for hydraulic simulation is stored in 

the input file shown in Table 2.5.  In general, water flows from the tank and reservoir 

in the northwest towards the southeast to satisfy the demands.  The steady state flow 

analysis was performed using EPANET, and results of nodes and links are reported in 

the output file shown in Table 2.6.  The analytical results are further visualized using 

the GUI of EPANET shown in Figure 2.6.  In this figure, the node and link IDs are 

shown as black numbers.  The link flows in units of liter per second and nodal 

pressures in units of meter of water height are coded using the colors indicated in the 

legends.  To verify the correctness of the results, the mass and energy conservations 

were checked for each node and link by hand calculations.  It was found that all mass 

and energy conservations are satisfied.   
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Figure 2.5  Hydraulic Network with Component IDs and Demands (unit: L/s) 
(6 L/s = 100 gpm) 

 

2.6.2 H2ONET 

 

H2ONET is developed and distributed by MWH Soft, Inc (1999).  H2ONET 

utilizes the EPANET analysis engine in conjunction with the AutoCAD environment 

to create network model drawings and display analysis results.  There are three major 

modules in H2ONET: graphical model creation (pre-processor), network analysis 

(analyzer), and model result presentation (post-processor).  The major improvement of 

H2ONET over EPANET is that H2ONET takes full advantage of the capabilities of 

AutoCAD to create the network model and display analytical results.  Since H2ONET 

and EPANET are using the same engine, they are completely compatible for hydraulic 

network analysis.  All physical and operational components in an EPANET hydraulic 

network model are supported by H2ONET.  A H2ONET hydraulic network model can 

be imported directly into EPANET to perform hydraulic analysis.  

 

6 
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Table 2.5  EPANET Input File 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

[TITLE] 
EPANET Example Network 1 
 
[JUNCTIONS] 
ID           Elevation(m)       Pattern 
3 100.00 
5 100.00 
9 100.00 
11 100.00 
13 50.00 
15 50.00 
17 50.00 
19 50.00 
 
[RESERVOIRS] 
ID             Head(m) 
1  150.00 
 
[TANKS] 
ID     Elev(m)   InitialLevel(m)   MinLevel(m)   MaxLevel(m)   Dia.(m)      MinVol(m3)    VolCurve 
7        150.00         40.00     0.00              40.00 10.00             0.00 
 
[PIPES] 
ID     FromNode      ToNode    Length(m)     Diameter(mm)  Roughness    MinorLoss   CheckValve 
10           7                    9              100.00        100.00               100.00           0.00  
12           9                    11            100.00            100.00               100.00    0.00  
16           13                  15            100.00            100.00               100.00    0.00  
18           13                  17            100.00        100.00               100.00    0.00  
20           15                  19            100.00        100.00               100.00    0.00  
22           17                  19            100.00        100.00               100.00    0.00  
4             3                    5              100.00        100.00               100.00    0.00  
6             3                    9              100.00        100.00               100.00    0.00  
8             5                   11             100.00        100.00               100.00    0.00  
 
[PUMPS] 
ID       FromNode      ToNode      Parameter(kw) 
2 1     3   POWER 10.00 
 
[VALVES] 
ID       FomNode       ToNode        Diameter(mm)       Type      Setting(m)       MinorLoss 
14 9     13         100.00 PRV         80.00         0.00 
 
[DEMANDS] 
ID       Demand(L/s) 
3 6.00  
5 6.00  
9 6.00  
11 6.00  
13 6.00  
15 6.00  
17 6.00  
19 6.00  
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Table 2.5  (Continued) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

[CURVES] 
 
[PATTERNS] 
PATN1 1.00 1.00 1.00 1.00 1.00 1.00 
 
[STATUS] 
 
[CONTROLS] 
 
[SOURCES] 
 
[QUALITY] 
 
[REACTIONS] 
GLOBAL BULK 0.00 
GLOBAL WALL 0.00 
 
[ENERGY] 
 
[OPTIONS] 
UNITS LPS 
HEADLOSS H-W 
VISCOSITY 1e-006 
DIFFUSIVITY 1.21e-009 
SPECIFIC GRAVITY 1.00 
TRIALS 40 
ACCURACY 0.001 
DEMAND Multiplier 1.00 
 
[REPORT] 
PAGESIZE 30 
STATUS NO 
NODE ALL 
LINK ALL 
 
[COORDINATES] 
ID       x(m)                   y(m)      
1       141.17  174.43 
3       169.66               174.43 
5       169.57  130.59 
7       207.22  199.58 
9       207.22  174.45 
11     207.25  130.57 
13     242.03  174.45 
15     241.99  129.94 
17     280.01  174.43 
19     280.01  130.04 
 
[VERTICES] 
 
[End] 



55 
 

Table 2.6  EPANET Output File 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
******************************************** 
*                           E P A N E T                                    * 
*                   Hydraulic and Water Quality                  * 
*                   Analysis for Pipe Networks                    * 
*                           Version 2.0                                      * 
******************************************** 
   
    
Input Data File ...................Example.inp 
Number of Junctions...........8 
Number of Reservoirs.........1 
Number of Tanks ................1 
Number of Pipes .................9 
Number of Pumps ...............1 
Number of Valves ...............1 
Headloss Formula ...............Hazen-Williams 
Hydraulic Timestep .............4.00 hrs 
Hydraulic Accuracy .............0.001 
Maximum Trials ..................40 
Quality Analysis ..................None 
Specific Gravity ..................1.00 
Relative Kinematic Viscosity ......0.98 
Relative Chemical Diffusivity .....1.00 
Demand Multiplier ......................1.00 
Total Duration .............................0.00 hrs 
 
Reporting Criteria: 
All Nodes 
All Links                                                               
 
Analysis begun Sun April 3 17:33:05 2005 
 
    
Node Results: 
-------------------------------------------------- 
Node           Demand      Head      Pressure 
                        L/s            m             m  
------------------------------------------------- 
3                    6.00          184.74     84.74 
5                    6.00          181.02     81.02 
9                    6.00          180.19     80.19 
11                  6.00          180.15     80.15 
13                  6.00          130.00     80.00 
15                  6.00          127.45     77.45 
17                  6.00          127.45     77.45 
19                  6.00          127.12     77.12 
1                  -29.36        150.00      0.00         Reservoir 
7                  -18.64        190.00      40.00       Tank                 
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Table 2.6  (Continued) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.6  Hydraulic Network Analysis Results from EPANET 

Link Results: 
------------------------------------------------------ 
Link                Flow       Velocity     Headloss 
                         L/s            m/s          /1000m 
------------------------------------------------------ 
10                   18.64         2.37           98.13 
12                   0.95           0.12           0.40 
16                   9.00           1.15           25.49 
18                   9.00           1.15           25.49 
20                   3.00           0.38           3.33 
22                   3.00           0.38           3.33 
4                     11.05         1.41           37.24 
6                     12.32         1.57           45.57 
8                     5.05           0.64           8.73 
2                     29.36         0.00           -34.74           Pump 
14                   24.00         3.06           50.19            PRV 
    
  Analysis ended Sun April 3 17:33:05 2005 
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Figure 2.7  Hydraulic Network Analysis Results from H2ONET 

 

 Figure 2.7 shows the hydraulic network analysis results from H2ONET for the 

same network as the one shown in Figure 2.5.  This figure shows that all the results, 

rounded to integers, are the same as those shown in Figure 2.6.  The difference 

between Figures 2.6 and 2.7 is the graphical interfaces used by the two software 

packages.  Tables 2.7 and 2.8 present a detailed comparison of the flow rates and 

pressures between EPANET and H2ONET results.  These tables show that all the 

relative differences of flows and pressures are smaller than 0.12%.  The reason for 

these small differences may be associated with the different convergence criteria used 

by EPANET and H2ONET during hydraulic balancing, which is a highly nonlinear 

process.  Both EPANET and H2ONET are capable of analyzing the hydraulic network 

correctly. 
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Table 2.7  Comparison of Link Flow Rates Between EPANET and H2ONET Results 

ID From 
Node 

To 
Node 

EPANET 
Flow (L/s) 

H2ONET 
Flow (L/s) 

Difference 
(L/s) 

Relative 
Difference 

(%) 
10 7 9 18.64 18.62 0.02 0.11 

12 9 11 0.95 0.95 0.00 0.00 

16 13 15 9.00 9.00 0.00 0.00 

18 13 17 9.00 9.00 0.00 0.00 

20 15 19 3.00 3.00 0.00 0.00 

22 17 19 3.00 3.00 0.00 0.00 

4 3 5 11.05 11.05 0.00 0.00 

6 3 9 12.32 12.33 -0.01 -0.08 

8 5 11 5.05 5.05 0.00 0.00 

2 1 3 29.36 29.38 -0.02 -0.07 

14 9 13 24.00 24.00 0.00 0.00 

 

 

Table 2.8  Comparison of Nodal Pressures Between EPANET and H2ONET Results 

ID EPANET 
Pressure (m) 

H2ONET 
Pressure (m) 

Difference 
(m) 

Relative 
Difference (%) 

11 80.15 80.07 0.08 0.10 

13 80.00 80.00 0.00 0.00 

15 77.45 77.42 0.03 0.04 

17 77.45 77.42 0.03 0.04 

19 77.12 77.09 0.03 0.04 

3 84.74 84.72 0.02 0.02 

5 81.02 80.96 0.06 0.07 

9 80.19 80.11 0.08 0.10 
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2.6.3 Limitations of Commercial Software Packages 

 

 Today, fast computers and efficient computational algorithms liberate users 

from the cumbersome hand calculations required for hydraulic network analysis.  The 

integration of hydraulic network engines with CAD or GIS makes the network 

construction and analysis point-and-click simple.  These software packages provide a 

good tool to predict flow and pressure conditions in an undamaged water supply 

system.  However, when used for a damaged system during earthquakes, these 

software packages have serious limitations.   

 

2.6.3.1 Negative Pressure Prediction 

 

Hydraulic network analysis assumes a pipeline network is always full and 

pressurized with water.  The incompressible flow is then governed by 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 must be satisfied.  The forced 

satisfaction of all demands may lead to the prediction of unrealistically high negative 

pressures, especially in an earthquake-damaged system, in which earthquake demands 

from pipe breaks and leaks may be much higher than the supply from reservoir and 

transmission sources.  The prediction of negative pressures contradicts the field 

evidence that water supply systems are not air tight and not all demands can be 

satisfied.  Hydraulic network analysis results with negative pressures are inaccurate. 
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2.6.3.2 Pipe Damage Simulation 

 

To simulate the response of a water supply system during earthquakes, it may 

be necessary to damage the system first and then perform a hydraulic network 

simulation of the damaged system.  Previous research shows that buried pipelines in a 

water supply system are the most vulnerable components (ATC, 1991).  They can 

either break or leak during earthquakes.  There are no pipe break or leak simulation 

algorithms in EPANET, H2ONET, or any other commercial software packages.  It is 

therefore important to develop an algorithm to model pipe breaks and leaks, and 

integrate this algorithm into a computer program for simulation purposes. 
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CHAPTER 3  

 

HYDRAULIC NETWORK ANALYSIS FOR DAMAGED 

SYSTEMS 

 

3.1 INTRODUCTION 

 

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.  Commercial hydraulic network analysis computer 

software packages are designed for undamaged systems.  When used for damaged 

systems, they may predict unrealistically high negative pressures.  Water distribution 

systems are not air tight so that their ability to support negative pressures is very 

limited.  Hydraulic network analysis results with negative pressures tend to over 

predict the available flows in the system, and result in unconservative estimates of 

system serviceability.   

 

This chapter describes an algorithm for the hydraulic network analysis of a 

heavily damaged water supply system with special treatment of negative pressures.  

After the introduction, the generation of negative pressures is illustrated using a simple 

hydraulic network in Section 3.2.  Thereafter, previous research on this subject is 

reviewed briefly in Section 3.3.  Section 3.4 presents the algorithm applied to treat 

negative pressures in this study.   
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3.2 NEGATIVE PRESSURE GENERATION 

 

Hydraulic network analysis solves 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 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.   

 

The negative pressure generation in a damaged system can be illustrated using 

a simple example.  Consider the hydraulic network in Figure 3.1, consisting of two 

pipes and three nodes.  Node A is a tank with a water level of 40 m measured from the 

datum.  Node B has an elevation of 50 m.  Node C is a fixed grade node, which has an 

elevation of 0 m and is open to the atmosphere to simulate a broken end of a pipeline. 

Pipe a connects nodes A and B, and pipe b connects nodes B and C.  For simplicity, it 

is assumed that pipes a and b have a same length of 100 m and diameter of 300 mm.  

It is further assumed that there are no minor losses in the system and frictional losses  
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Figure 3.1  Hydraulic Network Analysis with Negative Pressures  

 

can be calculated using the widely-used empirical Hazen-William equation.  The 

Hazen-William roughness coefficient of pipes a and b is assumed to be 100.  Node A 

has a hydraulic head of 40 m, which is higher than the hydraulic head at node C of 0 

m.  The head difference between nodes A and C will drive water to flow from nodes A 

through B down to C.  Node C can be treated as a node with earthquake demand, the 

value of which is decided by the system topology and hydraulic properties. 

 

Applying the Hazen–William equation to pipes a and b, respectively, results in 

the following equations 

 

852.1
87.4852.1 *7.10

a
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BA Q

dC
lHH =−                              (3.1) 
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where AH , BH , and CH  are the hydraulic heads at nodes A, B, and C, respectively.  

The al , ad , and aC  are the length, diameter, and Hazen-William roughness coefficient 

of pipe a, respectively.  The bl , bd , and bC  are the length, diameter, and Hazen-

William roughness coefficient of pipe b, respectively.  The Qa and Qb are the flow 

rates in pipes a and b, respectively. 

 

To satisfy the continuity condition at node B, the following equation is applied: 

 

ba QQ =                                                      (3.3) 

 

Comparing the right side of Equations 3.1 and 3.2 and noting that, ba ll = , 

ba CC = , ba dd = , and ba QQ = , result in 

  

CBBA HHHH −=−                                           (3.4) 

 

From which the hydraulic head at node B can be solved as 

 

)(20)040(2/1)(2/1 mHHH CAB =−×=−=                        (3.5) 

 

The hydraulic head at node B is the summation of the elevation head HBE and 

pressure head HBP.  With the known total head HB and elevation head HBE, the 

pressure head HBP can be solved as 

 

mmmHHH BEBBP 305020 −=−=−=                       (3.6) 
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The pressure, Bp , at node B can be calculated as 

 

MPaHp wBPB 3.0−=×= γ                                   (3.7) 

 

where wγ  is the unit weight of water. 

 

Substituting HA equal to 40 m and HB equal to 20 m into Equation 3.1 and 

reformatting Equation 3.1, the flow along pipe a can be solved as  

 

)/(8.491
100*7.10

20*3.0100
7.10

)(
852.1/187.4852.1852.1/187.4852.1

sL
l

HHdCQ
a

BAaa
a =⎟

⎟
⎠

⎞
⎜
⎜
⎝

⎛
=⎟⎟

⎠

⎞
⎜⎜
⎝

⎛ −
=      (3.8) 

 

The flow in pipe b can be solved as 491.8 L/s using either the energy equation, 

Equation 3.2, or the continuity equation, Equation 3.3.  Conventional hydraulic 

analysis solves a flow rate of 491.8 L/s in pipes a and b and a negative pressure, -0.3 

MPa, at node B.  The same results can be obtained from hydraulic network analysis 

software packages, such as EPANET and H2ONET.  Given the damaged system is not 

air tight and that vacuum release valves exist in water delivery systems, the pressure at 

node B is better represented by zero pressure than -0.3 MPa.  The results from the 

hydraulic network analysis are thus inaccurate. 

 

After setting the pressure at node B to zero, the total hydraulic head at node B 

is 50 m, which is higher than 40 m, the hydraulic head at node A.  Water cannot flow 

from the low head to high head and therefore, there is no flow in pipes a and b.  The 

correct solution for this network should be, pressure at node B is 0 and flow rate in 

pipes a and b is zero too.  Conventional hydraulic network analysis over predicts a 
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491.8 L/s flow rate in the system.  In this example, node B can be called a no-flow 

node, because water cannot flow through it.   

 

In the same network as shown in Figure 3.1, let the elevation of node B be 30 

m, then the hydraulic head, HB, at node B can be calculated using Equations 3.1 to 3.5.  

It is noted that HB is always 20 m, the average of heads at nodes A and C, and does not 

vary with the elevation at node B.  With the known total and elevation heads at node B, 

the pressure head can be calculated as 

 

mmmHHH BEBBP 103020 −=−=−=                       (3.9) 

 

The pressure, Bp , at node B can be calculated as 

 

)(1.0 MPaHp wBPB −=×= γ                             (3.10) 

 

The flow rate in pipes a and b can be calculated as 491.8 L/s using Equation 

3.8.  The increase in elevation at node B only causes the decrease of pressure at node B, 

but does not change the flow in the network because the water flow is driven by the 

head difference between nodes A and C. 

 

In this latter case, node B is still a negative pressure node.  After setting the 

pressure at node B to zero, the total hydraulic head at node B is 30 m, which is 10 m 

lower than 40 m, the head at node A.  Water can thus flow from nodes A through B 

down to C.   
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With the known hydraulic heads at nodes A and B, which are 40 m and 30 m, 

respectively, the flow rate in pipe a can be solved using the energy loss equation, 

Equation 3.8, as 

 

)/(3.338
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=      (3.11) 

 

With the known hydraulic head at nodes B and C, 30 m and 0 m, respectively, 

the flow rate in pipe b can be calculated as 
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Comparing Equations 3.11 & 3.12 shows that the flow rates in pipes a and b 

are different.  The continuity condition at node B cannot be satisfied since there are no 

demands and additional water sources at node B.   

 

The violation of continuity at node B indicates that flow conditions in the 

network cannot be solved using the same equations as those used in hydraulic network 

analysis, even after correcting for negative pressure at node B.  This is because 

hydraulic network analysis is based on the assumption that pipes are always full and 

pressurized with water.  The analyzed network in this example is not pressurized 

around node B.  Open-channel flow may occur under these conditions.  This type of 

flow is characterized by a free water surface and gravity driven flow.  
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A sketch of the flow profile in the network is shown in Figure 3.2, in which 

water flow starts from node A with full pressurized flow, and transfers to open-channel 

flow around node B.  The solution for flow in this case involves full pressurized flow 

in part of pipe a, transitional flow from pressurized to open-channel around node B, 

and open-channel flow in pipe b.  The solution for open-channel flow is more 

complicated than pressurized flow because it involves the determination of a free 

water surface.  The transition from pressurized to open-channel flow may result in 

unsteady flow.  Currently, commercial software packages are not configured to solve 

these types of flow conditions. 

 

For the conditions illustrated in Figure 3.1, there will be no open-channel flow 

because the hydraulic head at node B exceeds that of node A.  There will be temporary 

flow from node C until the contents of pipe b are discharged. 

 

Negative pressure generation is of practical concern.  When negative or low 

pressures occur, contaminants may be drawn into the pipelines.  Negative or low water 

pressure in water distribution systems is a well-known risk factor for outbreaks of 

waterborne disease (Hunter, 1997).   

 

Another concern of negative or low pressure involves fire protection after an 

earthquake.  Fire following earthquakes is a well-known hazard.  For example, the 

fires following the 1906 San Francisco earthquake destroyed roughly 90% of the city 

(Gilbert, et al., 1907), and much of the loss in fire fighting capacity at that time can be 

attributed to water distribution pipelines damaged by earthquake effects (e.g., 

O’Rourke, et al., 2006; Scawthorn, et al., 2006).  A minimum operational pressure is 

generally required at hydrants for fire fighting purposes.  Water supply systems are  
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Figure 3.2  Water Profile Around Partial-Flow Node 

 

tested locally, and documentation of minimum pressure is often required by insurance 

underwriters.  Trautmann, et al. (1986), for example, reported on minimum pressure 

requirements of 0.14 MPa (20 psi) to prevent collapse of fire hoses that connect 

hydrants to pumper trucks. 

 

3.3 PREVIOUS RESEARCH  

 

Various researchers have engaged in the modeling of water supply systems 

(e.g., Ballantyne, et al., 1990; Okumura and Shinozuka, 1991; Shinozuka, et al., 1981, 

1992; Hwang, et al., 1998; Khater and Grigoriu, 1989; Markov, et al., 1994) by using 

hydraulic network analyses for heavily damaged systems, in which negative pressures 

are specially treated.  The methods for negative pressure treatment are briefly 

reviewed and discussed below.  

 

3.3.1 Ballantyne et al. Approach 

 

Ballantyne, et al. (1990) performed hydraulic network analyses to evaluate the 

earthquake effects on the Seattle water supply system using the software KYPipe 
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(KYPipe Company, 2005).  This program employs a conventional hydraulic network 

analysis algorithm, which assumes all demands must be satisfied so that negative 

pressures are generated at nodes in the damaged system.  Ballantyne, et al. noted that 

the KYPipe gave inaccurate results when negative pressures occurred in the system.  

When they performed loss estimation, they assumed that there is no water available at 

the nodes where negative pressures were generated.   

 

3.3.2 Shinozuka et al. Approach 

 

Shinozuka and coworkers (Okumura and Shinozuka, 1991; Shinozuka, et al., 

1981, 1992; Hwang, et al., 1998) performed hydraulic network analysis to evaluate the 

effects of earthquake damage to the water supply system operated by the Memphis 

Light, Gas, and Water, using KYPipe.  In their approach, negative pressure nodes 

were eliminated from the network, together with the links connected to them.  After 

the elimination, hydraulic network analysis was performed again to update the flow 

and pressure conditions in the remaining system.   

 

3.3.3 Markov et al. Approach 

 

Researchers at Cornell University (Markov, et al. 1994; Khater and Grigoriu, 

1989) performed hydraulic network analysis to the damaged San Francisco Auxiliary 

Water Supply System, using the computer program GISALLE that was developed for 

their work.  To address negative pressures, Markov et al. assumed that the water 

distribution network is not air tight when internal pressures fall below atmospheric 

levels, and developed rules for the elimination of negative pressure nodes. 
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Consider node i, shown in Figure 3.3, of a water supply system with pressure 

0<ip , where zero stands for atmospheric pressure.  The hydraulic head at node i  is 

wiiEi pHH γ+= , where iEH is the elevation head of node i and wγ is the unit weight 

of water.  It is assumed that air enters the system such that 0=ip  and 

iEwiiEi HpHH =+= γ .  The flow in the pipes connected with node i can be analyzed 

under 0=ip  condition.  Let kQ  be the flow in pipe k connected to nodes i  and j . 

The flow, kQ , will be zero if the hydraulic head at node i  is higher than that at node 

j  (i.e., jiEi HHH >= ).  If this is the case for all pipes connected to node i, the node 

is considered as a no-flow node.  If there are pipes where this condition is not satisfied, 

the node is considered as a partial-flow node. 

 

The solution for a damaged pipeline network involves several phases.  First, 

nodes with negative pressures are identified and divided into two categories: no-flow 

and partial-flow nodes.  The no-flow nodes and pipes connected to them are 

eliminated sequentially, starting with the node of highest negative pressure.  Flows 

and pressures are recalculated after each step of elimination.  The no-flow nodes may 

isolate a part of the network, in which case that part is taken out of the system.  

Partial-flow nodes are considered next.  The effect of partial-flow is approximated by 

changing the roughness of the pipes connected to the partial-flow node until 0=ip .  

This is a heuristic approach.  Thus, the explicit calculation of an open-channel flow 

profile is avoided.  While adjusting any no-flow or partial- flow node, the previously 

adjusted nodes are checked to ensure that they continue to meet the criteria for no-

flow and partial-flow nodes.  Markov, et al. (1994) performed a sensitivity analysis of 

the elimination sequence on the final results, and found that the elimination sequence  
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Figure 3.3  Negative Pressure Node Demonstration (after Markov, et al., 1994) 

 

does not have significant impacts on the final simulation results.  The elimination 

sequence, starting with the node of highest negative pressure, provides a rational and 

easy-to-program way for negative pressure elimination. 

 

3.3.4 Discussions of the Three Approaches 

 

Among the three approaches, the approach adopted by Ballantyne et al. is the 

simplest one with least computational efforts.  It only performs hydraulic network 

analysis once, and then assumes there is no water flow through the negative pressure 

nodes.  This assumption is valid for no-flow nodes as defined by Markov, et al. (1994).  

This assumption is also valid for partial-flow nodes as defined by Markov et al. (1994), 

if the system operator isolates the nodes with negative pressures promptly to prevent 

contamination, as well as water and pressure losses.  However, this approach does not 

consider the flow and pressure redistributions after the isolation.  Shinozuka et al. 

i 

j = n 

j = 2 

j = 1 

j = ··· 
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made improvements at this point by updating the pressure and flow conditions after 

the isolation of negative pressure nodes.   

 

Markov et al. provided an alternate approach by differentiating negative 

pressure nodes into no-flow and partial-flow nodes, and treating them differently.  The 

differentiation of no-flow and partial-flow nodes is consistent with real situations, in 

which some nodes with negative pressures have flow through them.  The heuristic 

approach of Markov et al. (1994) that adjusts the roughness of pipelines connected to 

the partial-flow nodes is hard to justify since an accurate solution for partial-flow 

nodes is not available.  Furthermore, adjusting the roughness coefficient will not 

eliminate negative pressures in many circumstances, which can be explained with the 

example in Section 3.2. 

 

Combining Equations 3.1 and 3.6, the pressure at node B, Bp , can be 

expressed as 
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Given the hydraulic head HA at node A, pipe length al , diameter ad , and elevation HBE 

at node B, the pressure at node B is a function of the roughness coefficient Ca and flow 

rate Qa.  In the Hazen-William equation, decreasing the roughness coefficient means 

increasing the resistance to water flow and therefore results in a smaller flow rate Qa 

in the pipeline.  The overall effects of decreasing Ca and Qa simultaneously may either 

increase or decrease the pressure Bp  at node B.  In contrast, increasing the roughness 

coefficient means decreasing the resistance to water flow, thereby causing a larger 
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flow rate Qa in the pipeline.  The overall effects of increasing Ca and Qa 

simultaneously may either increase or decrease the pressure Bp  at node B.  The effect 

of adjusting the roughness coefficient on the pressure at a partial-flow node depends 

on the system dynamics, which are further related to the hydraulic properties and 

topology of the network.   

 

The modeling approach adopted in GISALLE did not account for situations in 

which pipe roughness adjustments are not be able to eliminate negative pressures, 

thereby leading to a numerical convergence problem when adjusting the roughness 

coefficient to eliminate the negative pressures at partial-flow nodes.  Based on 

simulations with many hydraulic networks, when the negative pressure is lower than -

0.07 MPa (-10 psi), it is generally not possible to eliminate negative pressures by 

adjusting the pipe roughness.  The algorithm in GISALLE can be improved by treating 

the partial-flow nodes as no-flow nodes if adjusting the roughness coefficient cannot 

eliminate the negative pressure.  The approach, however, still begs the question of 

whether reducing flow by roughness adjustment is a suitable approach to modeling the 

open-channel conditions associated with certain partial flow nodes. 

 

3.4 CURRENT APPROACH 

 

In this study, an isolation approach is applied to treat the negative pressures.  

After conventional hydraulic network analysis of the damaged system, nodes with 

negative pressures are identified and isolated step by step, starting with the one of 

highest negative pressure.  The isolation is simulated by eliminating the node and all 

connected links.  After each elimination, network connectivity is checked.  If part of 

the system is isolated from the main system without water sources, it is taken out of 
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the system.  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 

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 this study, 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 

display the remaining part of the network that meets threshold serviceability 

requirements for positive pressure.  

 



 

  



77 

CHAPTER 4 

 

SEISMIC RESPONSE OF BURIED PIPELINES 

TO SURFACE WAVE EFFECTS 

 

4.1 INTRODUCTION 

 

The seismic performance of a water supply system is closely related to the 

performance of its components (O’Rourke, et al., 2004b).  In general, water supply 

pipelines can be damaged by permanent ground deformation (PGD) and transient 

ground deformation (TGD) (e.g., O’Rourke, 1998).  PGD hazards are usually limited 

to small regions with high damage rates due to the large deformation imposed on 

pipelines.  In contrast, the TGD hazards typically affect the whole pipeline network, 

but with lower damage rates.  The TGD hazards are mostly related to the propagation 

of seismic waves, including body and surface waves.  Compared with body waves, 

surface waves have a much lower apparent wave propagation velocity, which drives 

higher ground strain.  Under the appropriate conditions, therefore, surface waves can 

be more hazardous to buried pipelines than body waves.   

 

 In this chapter, an analytical model is developed to analyze the joint pullout 

movement of buried pipelines to surface wave effects.  Such a model is an important 

adjunct for comprehensive simulation of buried pipeline response to TGD, and 

provides a rational basis for evaluating soil-structure interaction caused by traveling 

ground waves.  Seismic wave propagation hazards to buried pipelines are briefly 

discussed, with special attention to the characteristics of surface waves.  An analytical 
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model is developed for analyzing the interaction of surface waves with jointed 

concrete cylinder pipelines (JCCPs).  The model is expanded to analyze surface wave 

interaction with cast iron (CI) pipelines composed of lead-caulked joints having 

ductile pullout characteristics.  

 

4.2 SEISMIC HAZARDS TO BURIED PIPELINES 

 

An important characteristic of buried pipelines, which distinguishes them from 

above-ground structures, is that the relative movement of the pipeline with respect to 

the surrounding soil is small, and the inertial forces due to the weight of the pipeline 

and its contents are not significant.  Seismic analysis of buried pipelines therefore 

focuses on the free field deformation of the ground and associated soil-structure 

interaction.  The seismic loads are characterized, generally, in terms of the 

deformations and/or strains imposed on the pipeline by the surrounding soil. 

 

4.2.1 Seismic Wave Hazards 

 

In general, there are two types of seismic waves, body and surface waves.  The 

body waves include compression (P-) and shear waves (S-waves).  For P-waves, the 

ground moves parallel to the direction of propagation, which generates alternating 

compressive and tensile strain.  For S-waves, the ground moves perpendicular to the 

direction of propagation.  Compared with P-waves, the S-waves are more hazardous to 

buried pipelines because they carry more energy.   

 

Surface waves are generated by the reflection and refraction of body waves, 

and travel along the ground surface.  They generally decay quickly below the ground 
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surface.  Two major types of surface waves are Love (L-) and Rayleigh waves (R-

waves).  For L-waves, the particle motion is along a horizontal line perpendicular to 

the direction of propagation, while for R-waves, the particle motion traces a retrograde 

ellipse in a vertical plane, with the horizontal component of motion parallel to the 

direction of propagation.  Figure 4.1 shows the propagation and particle motion of R-

waves, which generate alternating compressive and tensile axial strains along 

pipelines.  The L-waves generate bending strains in buried pipelines that are 

substantially smaller than the axial strains induced by R-waves.  The bending strains 

generated by L-waves with phase velocities comparable to those of R-waves are 

typically 2 to 3 orders of magnitude less than the axial strains induced by R-waves (St. 

John and Zahrah, 1987).  As such, only the effects of R-waves are considered in this 

study. 

 

The seismic loads on buried pipelines imposed by wave propagation are 

typically characterized by ground strains.  The ground strain, gε , can be calculated as 

the ratio of ground particle velocity, V, to apparent wave propagation velocity, Ca, as   

 

a
g C

V
=ε                                                    (4.1) 

 

For surface waves, the apparent wave propagation velocity, aC , depends on the phase 

velocity, PhC .  The phase velocity, PhC , is defined as the velocity at which a transient 

vertical disturbance at a given frequency propagates across the ground surface 

(O’Rourke and Liu, 1999).   
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Figure 4.1  R-Wave Propagation and Particle Motion Directions 
 

To calculate the ground strain along the axial direction of a pipeline, it is 

necessary to resolve the particle and apparent wave propagation velocities into 

components parallel to the pipeline.  In Figure 4.2, WV and PV are the directions of 

phase and particle velocities of surface waves, respectively.  Assuming a pipeline 

orientated at an angle, α, with respect to the particle velocity, V, the ground strain 

along the axial direction of the pipeline can be calculated as  

 

α
α

αε 2cos
cos

cos

PhPh
g C

V
C
V

==                                   (4.2) 

 

where αcosV  and αcosPhC are the particle and phase velocities parallel to the pipe 

axis, respectively.  The ground strain along the pipe axis reaches its maximum value, 

PhCV / , when the pipeline is parallel to the particle and phase velocities.  For a 

treatment of body wave effects on axial pipeline strain, reference should be made to 

Wang (2006). 

 

Equation 4.2 shows that the ground strain along the pipeline is controlled by 

three factors, ground particle velocity, V , phase velocity, PhC , and the intersection 

angle, α, of the pipeline with respect to particle velocity.  Either high V  or low PhC   

R-Wave  
Propagation 
Direction

R-Wave Particle 
Motion Direction 
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Figure 4.2  Resolution of Particle and Phase Velocities Along the Pipeline Axial 

Direction for R-Waves 

 

can generate large ground strain.  For body waves, large ground strain is normally 

driven by high V .  Strong motion records from previous earthquakes show PGV for 

body waves as high as 177 cm/sec (Trifunac, et. al., 1998).  In contrast, for surface 

waves, large ground strain typically results from low phase velocity.  Ayala and 

O’Rourke (1989) reported that the phase velocity of R-waves, generated in the Lake 

Zone in Mexico City during the 1985 Michoacan earthquake was as low as 120 m/sec.  

The strong motion recording shows that the PGV of the R-waves was higher than 30 

cm/sec at the same location during the same earthquake.  Combining the PGV of 30 

cm/sec and CPh of 120 m/sec results in a ground strain of 0.0025, which may exceed 

the yield capacity of steel.  Under conditions of very low phase velocity and relatively 

high particle velocity, therefore, surface waves can be more destructive to buried 

pipelines than body waves.   

 

4.2.2 Surface Wave Characteristics 

 

Surface waves are generated by the reflection and refraction of body waves at 

the ground surface.  In particular, body wave reflection and refraction in large, 

α WV 
PV 

 Pipe 
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sedimentary basins (several km wide with soil depths ≤ 1 km) can cause R-waves that 

amplify the ground motion significantly (O’Rourke, 1998).  The amplification effects 

associated with R-wave propagation in sedimentary basins have been studied by 

Papageorgiu and coworkers (e.g., Papageorigu and Kim, 1993; Pei and Papageorigu, 

1996), who demonstrated that sedimentary basins can trap and focus wave energy, 

thus increasing peak amplitudes and prolonging the duration of TGD.  Their analyses 

of recorded motions in the Santa Clara Valley during the Loma Prieta earthquake 

provide clear evidence of first and second mode R-waves (Pei and Papageorigu, 

1996).  Similar patterns of R-waves were shown by numerical simulations of incident 

SV and P-wave interaction with the sedimentary basin underlying Caracas, VZ (Pei 

and Papageorigu, 1996).  

 

Figure 4.3 shows the north-south ground velocity records from two strong 

motion stations, Ciudad Universitaria - Lab and Central de Abastos - Oficinas in 

Mexico City during the 1985 Michoacan earthquake (Ayala and O’Rourke, 1989).  

The Ciudad Universitaria - Lab Station is located in the Hill Zone, outside the 

sedimentary basin.  The Central de Abastos - Oficinas Station is located in the Lake 

Zone, inside the sedimentary basin.   

 

In the Hill Zone record, the PGV is about 10 cm/sec (Figure 4.3a), which 

occurred roughly at 20 to 30 seconds after initial measurement triggering.  In the Lake 

Zone record (Figure 4.3b), the PGV associated with surface waves higher than 30 

cm/sec occurred about 60 and 90 seconds after initial triggering.   

 

The surface waves were similar to sinusoidal waves with similar amplitude and 

predominant period.  The  predominant  period of the  surface  waves can be estimated 
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Figure 4.3  North-South Velocity Histories in Hill and Lake Zones in Mexico City 

during the 1985 Michoacan Earthquake (after Ayala and O’Rourke, 1989) 

 

from the velocity records.  Figure 4.3b shows 6 cycles of R-waves that occurred over 

21 seconds, with a predominant period of 3.5 seconds.   

 

Analytical and numerical solutions are available in the literature to generate 

dispersion curves for layered soil profiles (e.g., Haskell, 1953; Schwab and Knopff, 

1977).  O’Rourke, et al. (1984) developed a simple procedure for determining the 

dispersion curve for layered soil profiles in which the shear wave velocity increases 

with depth.  Figures 4.4 and 4.5 show the soil profile at Central de Abastos - Oficinas 

and the corresponding dispersion curves at this location for R-waves.  From Figure 

4.5, the R-waves have a phase velocity of roughly 120 m/sec corresponding to a 

predominant period of 3.5 seconds.   

 

 

T = 21/6 =3.5 Sec 

PGV over 30 cm/sec 
from R-waves  
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Figure 4.4  Soil Profile at Strong Motion Station, Central de Abastos-Oficinas, in 

Mexico City (after Ayala and O’Rourke, 1989) 

 

 

Figure 4.5  R-Wave Dispersion Curves for the Soil Profile Shown in Figure 4.4 

(after Ayala and O’Rourke, 1989)  

120 
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It should be emphasized that the lake bed sediments of Mexico City have 

unusual geometric and material properties, which are not generally encountered. 

Nevertheless, these conditions illustrate how certain naturally occurring soil 

formations, especially those associated with deep soft deposits of clay, can result in 

the generation of surface waves with low phase velocity, relatively high particle 

velocity, and long period motion. 

 

4.3 ANALYTICAL MODEL FOR SURFACE WAVE INTERACTION WITH 

JCCPS 

 

In this section, an analytical model is developed to analyze surface wave 

interaction with JCCPs.  In this study the term JCCP is used to represent pipelines 

composed of reinforced concrete and steel cylinders that are coupled with mortared, 

rubber-gasket bell-and-spigot joints.   

 

4.3.1 JCCPs 

 

As discussed by O’Rourke et al. (2004c), there are different types of JCCPs, 

such as concrete cylinder pipes (CCPs), bar wrapped concrete cylinder pipes 

(BWCCPs), and prestressed concrete cylinder pipes (PCCPs).  Governing standards 

for the current design of such pipelines include AWWA C301 (1999) and C303 

(2002).  Pipe segment lengths are generally 6 to 12 m.   

 

Section 5.4 provides a detailed description of the material properties and joint 

characteristics for various types of pipelines, which are widely used in water supplies 

in North America.  A representative cross-section of JCCP joints collected from the 
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design and as-built drawings of trunk lines investigated as part of this study is shown 

in Figure 5.12, and the characteristics of JCCP joints are described in Section 5.4.3.4.  

The performance of many JCCPs is influenced by the rubber-gasket bell-and-spigot 

joints.  The rubber gasket is often 18 to 22 mm wide when compressed to form a 

water-tight seal.  Cement mortar is poured in the separation between adjoining 

sections of pipe to further seal the joint.  The pullout capacity of the joint, in terms of 

axial slip to cause leakage, depends on how much movement can occur before the 

rubber gasket loses its compressive seal.  This capacity will vary according to pipe 

positioning during field installation and subsequent movement of the pipeline.  

 

The pullout resistance of the joint is also affected by the tensile behavior of the 

cement mortar at the joints.  The mortar cracking strain ranges from 0.5×10-4 to 

1.5×10-4, with a typical value of 1.0×10-4 (Avram et al., 1981).  It is not uncommon for 

the mortar at the JCCP joints to be cracked and separated as a result of shrinkage 

during cure as well as subsequent operational loads and movement in the filed.  

 

Investigations of the axial pullout capacity of the JCCP joints are described by 

Wang (2006), in which the as-built dimensions of actual JCCP joints are evaluated, 

and a probabilistic model is developed for estimating their as-built axial pullout 

capacity.  His study shows that the initial position of the gasket during construction is 

well modeled by a uniform distribution of locations between maximum inward and 

outward penetration of the gasket inside the bell housing of the adjoining pipe.  The 

90% exceedance value is the distance of the gasket inside the joint that is exceeded by 

9 out of 10 JCCP joints, and corresponds to 3-4 mm of axial slip before initial loss of 

compression.  Subsequent operational loads and pipeline movement will subtract from 

this slip capacity.  As a minimum, therefore, about 1 of every 10 joints cannot reliably 
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accommodate more than 3-4 mm of axial slip.  Given this level of tolerance, JCCP 

joints are sensitive to seismic wave interaction, which has the potential to induce 

leakage and even complete disengagement of adjoining pipe sections under severe 

seismic motions.  

 

4.3.2 Performance of JCCPs during Previous Earthquakes  

 

The performance of JCCPs during previous earthquakes was varied, depending 

on pipeline characteristics and location and the TGD and PGD, respectively.  Ayala 

and O’Rourke (1989) reported significant repairs in JCCPs after the 1979 Guerro and 

1985 Michoacan earthquakes.  Repairs were concentrated at the joints of trunk and 

transmission pipelines, and were especially severe for the 1985 Michoacan 

earthquake.  For example, there were 60 repairs in Federal District JCCP transmission 

lines to yield a relatively high repair rate of 1.7 repairs/km.  Ayala and O’Rourke 

(1989) further reported that most of the water supply damage was due to surface wave 

propagation effects.  Damage to JCCP trunk lines after the Loma Prieta earthquake 

was low (Eidinger, 1998).  In contrast, damage to JCCP trunk lines after the 1994 

Northridge earthquake was high.  Lund and Cooper (1995) reported that significant 

damage was sustained by 1370-mm- and 838-mm- diameter JCCP trunk lines in Santa 

Clarita Valley at welded compound bends and as pullout at rubber gasket joints on 

long horizontal reaches.  They further reported that there were 15-20 major pulled 

joints on a 1980-mm-diameter JCCP trunk line in Simi Valley. 

 

One method for estimating pipeline damage in future earthquakes is to develop 

regressions between observed repair rates during previous earthquakes and measured 

seismic parameters.  O’Rourke et al. (2004b) developed a linear regression for JCCP 



88 
 

repairs collected in the Los Angeles area after the 1994 Northridge earthquake.  The 

regression was developed for repair rate versus peak ground velocity, Vp, because this 

seismic parameter has been shown to be the most statistically significant one 

influencing TGD-related pipeline repairs (O’Rourke and Jeon, 2000).  

  

It should be noted that this regression is developed based on repairs in JCCPs 

after the 1994 Northridge earthquake in the Los Angeles area.  The JCCPs were 

affected predominantly by body waves during the Northridge earthquake.  The 

regression, therefore, is not appropriate for estimating damage to JCCPs under surface 

wave effects.  Because of the limited data regarding damage to JCCPs under the 

effects of surface waves, it is useful to develop analytical models that can provide 

insight about the mechanism of the soil-structure interaction under surface wave 

effects. 

 

4.3.3 Surface Wave Interaction with JCCPs 

 

Figure 4.6 shows an incremental section of continuous buried pipeline, dx, 

subjected to a surface wave, simplified as a sinusoidal wave with maximum amplitude 

of the ground strain,
Phpmg CV=ε , where pV  is peak ground particle velocity and PhC  

is the phase velocity along the pipe axial direction.  The shear transfer between pipe 

and soil per unit pipe length is f , and the pipe axial stiffness is equal to the product of 

the pipe material modulus, E, and cross-sectional area, A.  The rate of pipe strain, pε , 

accumulation is given by  

 

EA
f

dx
d p =

ε
                                                       (4.3) 
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Figure 4.6  Sinusoidal Wave Interaction with Pipe Element 

 

The rate of ground strain, gε , accumulation is  
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ε

                                                (4.4) 

 

in which V is the particle velocity.   

 

It is noted that the displacement of a continuous pipeline cannot exceed that of 

the adjacent ground soil.  As such, if the strain accumulation rate of a continuous 

pipeline is larger than that of the ground at every point of the pipeline, the pipeline 

will deform in the same way that the ground deforms.  In this case, the pipeline is 

called a fully flexible pipeline, for which the following equation is satisfied 
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For a sinusoidal wave, the maximum rate of ground strain, gε , accumulation is  

 

Ph

p

Ph C
V

C
V

dx
d

λ
π2

max

=
⎥
⎥
⎦

⎤

⎢
⎢
⎣

⎡
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛                                            (4.6) 

 

in which λ  is the wave length.  Combining Equations 4.4, 4.5, and 4.6 results in  

 

Ph

p

C
V

EA
f

λ
π2

>                                                    (4.7) 

 

which is the requirement that must be met for a fully flexible pipeline.  If R equals the 

ratio of 
Php CV  to the rise distance, 4/λ , which can be discerned from strong motion 

records, then 

 

2
R

EA
f π

>                                                     (4.8) 

 

establishes the qualification for a fully flexible pipeline, provided that the wave form 

approximates a sinusoidal function.  

 

When Equation 4.8 cannot be satisfied for a pipeline and seismic wave 

combination, the strain accumulation rate of the pipeline is lower than that of the 

ground along part of the pipeline, and therefore, the pipeline is relatively rigid and not 

able to deform in unison with the ground.  Figure 4.7 shows the seismic response of a 

continuous, relatively rigid pipeline under the action of a surface wave.  This figure 

shows that relative movement between soil and pipe transfers shear to the pipeline.   
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Figure 4.7  Sinusoidal Wave Interaction with a Continuous Relatively Rigid Pipeline 

 

Because the axial stiffness of the pipeline is relatively large, the shear transfer is not 

sufficient to cause the same deformation in soil and pipe.  

 

The shear transfer is shown in Figure 4.7a with small arrows indicating its 

direction.  The shear transfer changes its direction in every half wavelength at the 

point where the ground displacement changes its direction.  The axial force in the 

pipeline is the integration of the shear transfer along the pipe axis.  The axial force 

increases from zero where the ground strain is zero to its maximum value f*(λ/4) after 

a quarter of wavelength of shear accumulation.  In the case shown in Figure 4.7a, the 

maximum axial tensile force occurs at the point with peak positive ground strain, and 
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the maximum axial compressive force occurs at the point with peak negative ground 

strain. 

 

When the maximum tensile force in the pipeline exceeds the tensile capacity of 

a locally weak joint, the joint will be cracked, and the axial tensile force at the pipe 

ends connected with the joint will drop to zero.  It is assumed that the joints on either 

side of the cracked joint have full mortar connectivity to mobilize tensile capacity 

across the joints.  Figure 4.8 shows the seismic response of a relatively rigid pipeline 

with a cracked joint under the action of a sinusoidal surface wave.  It is noted that both 

the pipeline and sinusoidal wave are symmetric with respect to the cracked joint.  To 

understand the mechanism of soil-structure interaction, the following explanation 

focuses on the left half of the pipeline and ground system. 

 

Before cracking of the joint, the left half of the pipeline is in force equilibrium 

under the shear transfer and tensile force generated by the right half of the pipeline.  

After the crack forms, the force from the right half of the pipeline drops to zero, and 

therefore, the left half of the pipeline is not in force equilibrium and tends to shrink 

back to the left.  The shear transfer needs to be redistributed to keep the pipeline in 

new force equilibrium.  The ground at the cracked joint has zero displacement and 

moves from the cracked joint to the left.  In the vicinity of the cracked joint, the pipe 

displacement is larger than the ground displacement and the shear transfer from the 

ground to pipeline resists the elastic rebound of the pipeline until the ground 

displacement equals the pipe displacement at point A.  After that, the ground 

displacement is larger than the pipe displacement, and the shear transfer direction 

reverses.  The integration of the differential strain between pipeline and ground from 

the  cracked  joint to the  shear  transfer  reversal point, A, is represented by half of the  
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Figure 4.8  Sinusoidal Wave Interaction with a Relatively Rigid Pipeline with a 
Cracked Joint 

 

shaded area in Figure 4.8a.  It is the relative displacement between the pipeline and 

ground at the cracked joint, which equals one half of the relative joint displacement.  

The length, LSA, in Figure 4.8a, is called the strain accumulation length in this study.  

It is the length from the cracked joint to point A, where the direction of relative 

displacement between pipeline and soil reverses.  The strain accumulation length, LSA, 

is determined by soil-structure interaction. 

 

When affected by body waves, pipelines generally exhibit fully flexible 

behavior because the high apparent wave velocity drives the ground strain 
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accumulation rate to lower than the pipeline strain accumulation rate.  When affected 

by surface waves, pipelines can be either fully flexible or relatively rigid.   

 

The response of a fully flexible pipeline is briefly discussed.  Reference should 

be made to Wang (2006) for further details.  Figure 4.9 shows the sinusoidal seismic 

wave interaction with a fully flexible pipeline with a cracked joint.  Because the 

pipeline is fully flexible, εp = εg everywhere the pipeline is continuous.  At the cracked 

joint, the pipeline cannot sustain strain, so εp = 0.  As the wave passes across the 

cracked joint, strain in the continuous pipeline on each side of the joint accumulates 

linearly at a slope of f/EA until εp = εg, after which pipe and ground strains are 

indistinguishable.  The shaded area in Figure 4.9a represents the integration of the 

differential strain between the pipeline and ground, which equals the relative joint 

displacement and occurs as axial slip. 

 

For seismic wave interaction with a relatively rigid pipeline, the relative joint 

displacement is determined by soil-structure interaction.  Finite element (FE) methods 

are used to model the surface wave interaction with JCCPs. 

 

4.3.4 Finite Element Model 

 

FE analyses of surface wave interaction with JCCPs were performed using the 

program BSTRUCT (Chang, 2006; Goh and O’Rourke, 2000).  Figure 4.10 shows a 

schematic view of the FE model.  The pipeline was modeled with beam column 

elements that were connected to the ground by spring-slider elements capable of 

representing shear transfer as an elasto-plastic process.   
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Figure 4.9  Sinusoidal Wave Interaction with a Relatively Flexible Pipeline with a 
Cracked Joint 

 

As recommended by the Committee on Gas and Liquid Fuel Lifelines (1984), 

the interrelation between unit shear transfer f  and relative pipe-soil displacement 

was modeled as a bilinear relationship with linear rise to f  at a relative displacement 

of 3 mm and constant f thereafter, as shown in Figure 4.11.  

 

Values of f can be calculated according to the procedures summarized by 

O’Rourke (1998).  For a pipeline buried in cohesionless soil, the maximum shear 
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Figure 4.10  Finite Element Model for Seismic Wave Interaction with Pipeline 
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Figure 4.11  Elasto-Plastic Model for Unit Shear Transfer Between 
Ground Soil and Pipeline 

 

δγπ tan)1(2/1 0 pzKDf +=                             (4.9) 

 

in which pz is the depth to pipe centerline, γ  is soil unit weight, 0K is the coefficient 

of at-rest horizontal soil stress (generally 0.15.0 0 ≤≤ K  for pipe in backfilled 

trenches), δ  is the angle of interface frictional resistance, and D is the outside pipe 

diameter.  If the pipeline is buried in cohesive soil, the maximum f is  

 

Dsf uπα=                                                  (4.10) 

 

in which us  is the undrained shear strength of the surrounding soil and α  is an 

adhesion factor that accounts for the degree of shear transfer between the pipe and 

soil. The angle of interface friction for sands between pipe and soil was varied 

between 32 and 40 , and the adhesion between pipe and soil, usα , for silts and clays 

was varied between 25 and 60 kN/m2. 

 

3 mm Relative Displacement: mm 

Unit force f 
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The locally weak joint in the JCCP was modeled as a spring-slider element 

with zero length.  As discussed previously, joints in the field are occasionally cracked 

and separated due to installation and subsequent ground movement distress.  Such 

joints, being cracked and separated, have very low axial pullout resistance that for 

modeling purposes can be taken as negligible. 

 

The strong motion recording at Central de Adastos - Oficinas (Lake Zone) in 

the north-south direction during the 1985 Michoacan earthquake in Mexico City, as 

shown in Figure 4.3b, was used as ground motion input.  As discussed in Section 

4.2.2, there is clear evidence of surface waves in this record.  Time records of strong 

motion were converted to displacement versus distance records by assuming that x = 

CPht, in which x is distance, t is time from the strong motion recording, and CPh is the 

phase velocity.  The phase velocity, CPh, is taken as 120 m/sec from the dispersion 

curves shown in Figure 4.5, based on a predominant period of 3.5 sec, determined 

from the strong motion velocity records shown in Figure 4.3b.  The seismic 

displacement versus distance record was superimposed on the spring-slider elements, 

which then conveyed ground movement to the pipeline by means of the elasto-plastic 

properties used to characterize the spring-sliders.  As illustrated in Figure 4.10, when 

the maximum slope of the displacement versus distance record (corresponding to 

maximum ground particle velocity in the velocity record) was superimposed on the 

weak pipeline joint, the maximum axial slip of the joint was calculated.  

 

The FE analysis was used to evaluate seismic wave interaction with the 1829-

mm-(72 in.)-diameter jointed concrete Federal District Aqueduct (FDA) in Mexico 

City, which was damaged during the 1985 Michoacan earthquake due to R-wave 

propagation effects (Ayala and O’Rourke, 1989).  Because details of the FDA 
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construction are not available, its physical properties were taken from the as-built 

drawing of the Bay Division Pipeline No. 3, which is also an 1829-mm-(72 in.)-

diameter JCCP (O’Rourke, et al., 2004a).  The properties are shown in Table 4.1. 

Further parametric studies showed that joint movement is not sensitive to pipe 

physical properties.  It was assumed that the pipeline is orientated parallel to the 

direction of wave propagation, which results in the maximum joint pullout movement.  

 The FE model was composed of 1666 pipe elements and 1669 spring slider elements 

over a distance of roughly 10 km for an average element length of 6m.   

 

Figure 4.12 shows the displacement of soil and pipeline after soil-structure 

interaction, Figure 4.13 shows the relative displacement between ground soil and 

pipeline, and Figure 4.14 shows the strain of ground soil and pipeline.  In addition to 

an overview of soil-structure interaction, a close-up view in the vicinity of the joint, 

cross-section A, is also provided for Figures 4.12 to 4.14.   

 

Figure 4.12 shows that the pipeline displacement is smaller than the ground 

displacement because the pipeline is relatively rigid and the shear transfer is not 

sufficient for the pipeline to deform in unison with the ground soil.  Figure 4.13 shows 

that the maximum relative joint displacement is 16 cm.  Figure 4.14 shows that the 

pipe strain starts to accumulate from both sides of the cracked joint at a slope of f/EA, 

until point A, at which the direction of the strain accumulation reverses.  The area 

between the two strain reversal points in the vicinity of the weak joint represents the 

relative joint separation.  The high relative joint displacement, 16 cm, indicates a 

strong potential for joint pullout and disengagement of JCCPs under surface wave 

effects.   
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Table 4.1  JCCP Physical Properties and Ground Conditions for FE Analysis 

Inside Diameter: (mm) 1828.8

Thickness of Steel Cylinder: (mm) 1.5

Thickness of Concrete Wall: (mm) 177.8

Compressive Strength of Concrete: (MPa) 31.0

Young’s Modulus of Concrete: (GPa) 26.4

Outside Radius of Concrete: (mm) 1092.2

Inside Radius of Concrete: (mm) 914.4

Concrete Area: (mm2) 1120836.9

Steel Rod Diameter: (mm) 9.5

Steel Rod Area: (mm2) 4.3

Young’s Modulus of Steel: (GPa) 200

Inside Radius of Steel Cylinder: (mm) 963.7

Outside Radius of Steel Cylinder:(mm) 965.2

Steel Cylinder Area: (mm2) 92.0

Total Steel Area: (mm2) 96.3

Modulus Ratio Between Steel and Concrete 7.6

Equivalent Area for Steel:  (mm2) 73050.9

Total Area: (mm2) 1193887.8

Unit Weight of Soil: (kN/m3) 18.9

Friction Angle: (deg) 35.0

Ko 0.43

Buried Depth to Pipe Center: (m) 2.0

f:(kN/m) 39.5

f/EA: (1/m) 4.1E-06

EA/f: (m) 2.4E+05



101 
 

-30

-20

-10

0

10

20

30

0 2000 4000 6000 8000 10000

Pipe Length (m)

D
is

pl
ac

em
en

t (
cm

)

 

a) Overview 

 

 

-30

-20

-10

0

10

20

30

4500 4700 4900 5100 5300 5500

Pipe Length (m)

D
is

pl
ac

em
en

t (
cm

)

 

b)  Detail A 

 

Figure 4.12  FE Simulation of Ground and Pipeline Displacements for Surface Wave 

Interaction with JCCP  
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b)  Detail A 

 

Figure 4.13  FE Simulation of Pipeline-Ground Relative Displacement for Surface 

Wave Interaction with JCCP 
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b)  Detail A 

 

Figure 4.14  FE Simulation of Ground and Pipeline Strains for Surface Wave 

Interaction with JCCP 
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4.3.5 Universal Relationship 

 

Parametric studies of the relative joint displacement were performed on 1829-

mm-diameter and 2438-mm-diameter JCCPs using FE analyses for various ground 

conditions (by changing frictional angle of soil), pipeline properties (by changing EA 

combination), and seismic wave characteristics (by changing predominant period, 

ground velocity, and phase velocity).  The finite element results, together with the 

results from Wang (2006) on the body wave interaction with JCCPs, are summarized 

in Figure 4.15 with two dimensionless parameters, δ/δ0 and f/EAR.  In total 320 finite 

element analyses were performed.  The parameters used in the analyses for pipeline 

properties, ground conditions, and wave characteristics are summarized in Table 4.2.  

It is noted that δ0 is defined as the area under the seismic sinusoidal ground strain 

pulse (Figure 4.6) and can be calculated by 

 

dxx
C
V

a

p )2sin(
2/

00 ∫=
λ

λ
πδ                                     (4.11) 

 

where Ca is the apparent wave propagation velocity of seismic waves and is equal to 

the phase velocity, CPh, for surface waves.  When Equation 4.11 is combined with  

 

TCa=λ                                              (4.12) 

 

in which T is the predominant period of the seismic wave, δ0 can be expressed as 
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Figure 4.15  Universal Relationship Between δ/δ0 and f/EAR 

 

    
π

δ
TVp=0                                              (4.13) 

 

The dimensionless parameter, δ/δ0, indicates the relative joint displacement 

normalized with respect to a displacement index of the seismic wave characteristics.  

The dimensionless parameter, f/EAR, represents a combination of key ground 

conditions, pipeline properties, and seismic wave characteristics.  The shear transfer 

between soil and pipeline, f, is a function of interface shear strength properties 

between soil and pipe, pipeline burial depth, and pipe diameter in the unit of force per 

length.  The EA is the axial stiffness of the pipe.  As shown in Figure 4.6, the seismic 

wave is characterized by R, which is the ratio of Vp/Ca to λ/4.  As shown in Figure 

4.15, δ/δ0 increases from 0 to roughly 0.53 as f/EAR increases from 0 to 2/π.  

Thereafter, δ/δ0 decreases with f/EAR, and approaches zero when f/EAR tends to 100.  
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Table 4.2  Summary Table for FE Analysis Parameters  

Ground Conditions 

 
Clay with Undrained Strength Su: 1~200 kPa * 
 
Dry Sand with Friction Angle of: 25°~43°  
 
Saturated Sand with Effective Friction Angle φ′: 35° * 
 

Pipeline Properties 

 
1372-mm Diameter and 146-mm Wall Thickness Pipe with 
Axial Deformation Stiffness EA: 1.87× 107 kN* 
 
1829-mm Diameter and 178-mm Wall Thickness Pipe with 
Axial Deformation Stiffness EA: 1.97× 106~ 6.29× 109 kN 
 
1981-mm Diameter and 146-mm Wall Thickness Pipe with 
Axial Deformation Stiffness EA: 3.25× 105 ~ 3.25× 109kN* 
 
2438-mm Diameter and 216-mm Wall Thickness Pipe With 
Axial Deformation Stiffness EA: 3.12× 106 ~ 4.99× 1010 kN 
 

Seismic Body Wave 
Characteristics 

(Sinusoidal Wave) * 

 
Peak Particle Velocity Along Pipe Axial Direction Vp: 150 
cm/sec or 177 cm/sec  
 
Wave Propagation Velocity Along Pipe Axial Direction Ca: 
2500 m/sec or 1000 m/sec 
 
Predominant Period T: 1 sec or 1.5 sec 
 

Seismic Surface 
Wave 

Characteristics 
(Sinusoidal Wave) 

 
Peak Particle Velocity Vp: 10~60 cm/sec 
 
Phase Velocity CPh: 50~2500 m/sec 
 
Predominant Period T: 1~20sec 
 

*: Please refer to Wang (2006) for details 
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Wang (2006) proposed a criterion for determining if a pipeline is either 

relatively flexible or rigid.  According to this criterion, a relatively flexible pipeline is 

defined as one for which  

 

1>
EAR

f                                                   (4.14) 

 

In contrast, a pipeline is considered relatively rigid when 

 

1≤
EAR

f                                                  (4.15) 

 

The criterion defines a relatively flexible and rigid pipeline based on an f/EAR value of 

1, which is easy to apply and close to 2/π, at which δ/δ0 reaches its maximum value.  

Practical ranges of f/EAR for water trunk lines affected by surface and body waves are 

also shown in Figure 4.15. Water trunk lines tend to behave as relatively flexible 

pipelines when affected by body waves, and act as either relatively rigid or flexible 

pipelines when affected by surface waves.  

 

With known ground conditions, pipeline properties, and seismic wave 

characteristics, f/EAR and δ0 can be calculated and joint displacement, δ, can be 

estimated directly using Figure 4.15.  Consider, for example, a JCCP with 1575-mm 

diameter and 157-mm wall thickness subjected to a sinusoidal surface wave with Vp = 

30 cm/sec, phase velocity CPh = 200 m/sec, and T = 4 sec.  The pipeline is buried at a 



108 
 

depth of 1.70 m to the center of pipeline in soil with γ = 18.8 kN/m3 and φ' = 35°.  The 

EA, R, f, and δ0 are calculated as 2.8×107 kN, 7.5×10-6 m-1, 103.9 kN/m, and 38.2 cm, 

respectively, resulting in f/EAR = 0.49.  Using Figure 4.15, δ/δ0 is estimated as 0.518, 

and the relative joint displacement, δ, is about 19.8 cm.  Consider the same pipeline 

with the same ground conditions, subjected to a body wave with Vp = 100 cm/sec, Ca = 

2500 m/sec, and T = 1 sec.  R and δ0 are calculated as 6.4×10-7 m-1 and 31.8 cm, 

respectively, resulting in f/EAR = 5.8. Therefore, δ/δ0 from Figure 4.15 is about 0.135, 

and the relative joint displacement, δ, is only about 4.3 cm.  

 

4.3.6 Concrete Cracking Effects 

 

In previous sections, it is assumed that joints on either side of a locally weak 

joint have full mortar connectivity to mobilize tensile capacity across the joints.  The 

concrete mortar, which is poured in the field to seal the joints, will be cracked when 

the strain in the joint exceeds it cracking strain limit. The cracking of the concrete 

mortar changes the geometry of the pipeline and reduces the strain accumulation 

length.  Therefore, the joint displacement is closely related to the joint cracking strain.  

In this section, the effects of cracking strain are explored.  

 

Figure 4.16 illustrates seismic displacement and ground strain interaction with 

a JCCP.  Each part of Figure 4.16 shows the ground strain, gε , expressed as PhCV , 

plotted on the vertical axis. The horizontal axis is the distance, x, along the 

longitudinal axis of the JCCP. The distance is expressed as the product of the phase 

velocity, CPh, and the predominant period, T, of seismic wave.  The velocity pulse  
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shown in Figure 4.16 corresponds to half of a sinusoidal wave, and develops tensile 

strains in the ground.   

 

Figure 4.16 shows the progression of a seismic wave at various times, t0 

through t4, as it approaches and moves into the ground surrounding the JCCP that 

terminates at an anchor point.  When the seismic wave intersects with the pipeline, the 

strain begins to accumulate at a slope f/EA from the intersection point, noted as point 

O in Figure 4.16.  Because the pipeline is relatively rigid, the rate for pipe strain 

accumulation is slower than that of the ground strain accumulation, 

so gp εε < everywhere along the pipeline until t1, when the first joint next to the anchor 

point reaches its tensile strain capacity, PhTT CV=ε , and cracks (Figure 4.16b).  The 

threshold velocity, VT, is the velocity that generates ground strain equal to the tensile 

strain capacity of the concrete mortar.  A joint, which is cracked and separated, has 

very low axial pullout resistance that for modeling purpose can be taken as negligible.  

At the cracked joint, the pipeline cannot sustain strain, so 0=pε .  To satisfy force 

equilibrium after cracking, the strain will accumulate from the intersection point, O, 

and the cracked joint, both of which have 0=pε , at the same slope of EAf , but in 

opposite directions, until 2/Tp εε = , where Tε  is the cracking strain at the joint. 

Therefore, at the middle point of the pipeline between the cracked joint and the point 

where the seismic wave intersects the pipeline, O, the shear transfer is zero and the 

pipe displacement is equal to the ground displacement.  
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  The shaded area in Figure 4.16b represents the integration of the differential 

strain between the pipeline and ground, which equals the relative joint displacement 

and occurs as axial slip.  In a similar fashion, the shaded areas in the subsequent 

figures represent relative joint displacements and axial slips. As the seismic wave 

propagates, another joint left of the first cracked joint is also subjected to its tensile 

strain limit at t2 (Figure 4.16c). The distance between these two joints, L, can be 

determined by 

 

     
fC

EAV
EAf
CVL

Ph

TPhT ==                                              (4.16) 

 

  The joint cracks when its tensile strain capacity is exceeded (Figure 4.16d) at 

t3, which occurs immediately after t2.  On the right side of the newly cracked joint, the 

pipeline segment between the two cracked joints must have zero strain at each cracked 

end.  To satisfy force equilibrium, the strain will accumulate linearly from both ends at 

the same slope of EAf  until 2Tp εε = , where Tε  is the joint cracking strain.  On the 

left side of the newly cracked joint, the strain will also accumulate linearly from both 

ends at the same slope of EAf  until 2Tp εε = .  With continued wave propagation, 

the next joint will crack at a distance, L, left of the previously cracked joint (Figure 

4.16e).  This process repeats itself as the wave moves forward along the pipeline. 

 

The two most critical cases for the relative joint displacement are illustrated in 

Figure 4.16e.  The relative joint displacement attains its first local maxima at Xa just 

before the next joint left of Xa cracks.  The joint displacement, δa, can be calculated 

from the shaded area on the left side of Figure 4.16e.  The shaded area on the right of 

Figure 4.16e at Xb illustrates the second possible maximum joint displacement, δb.  
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This movement occurs when the peak ground velocity, Vp, passes across the cracked 

pipeline.  The maximum relative joint displacement is the larger of the two possible 

joint displacements. 

 

Figure 4.17 illustrates a simplified procedure for calculating the shaded areas 

in Figure 4.16e.  The relative joint displacement for the first potentially maximum 

case, δa, is calculated by subtracting the areas of the two triangles, 1 and 2, shown in 

Figure 4.17 from the integral of the ground strain from a distance ( ) )(* fEACV PhT  

to ( ) )(**)2/5( fEACV PhT .  The integral of the ground strain is calculated as 
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The areas A1 and A2 are calculated as 
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Combining Equations 4.17 through 4.19 results in  
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Figure 4.17  Simplified View of Sinusoidal Wave Interaction with JCCP Considering 
Concrete Cracking Effects 
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Similarly, the relative joint displacement for the alternative maximum case, δb, 

can be decomposed into two area components,  
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where A3 and A4 are calculated as 

 

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
−⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
=

2
1

2

3
T

p

Ph

T

V
V

f
EA

C
VA                    (4.23) 

EAf  

Php CV  

3 

4 EAf EAf

f
EA

C
V

Ph

T  
f

EA
C
V

Ph

T

2
5  

1 2 
Xb Xa 

PhT CV  

PhT CV 2  

0 Pipe Length (m)

St
ra

in
 



114 
 

 

f
EA

C
VA

Ph

T
2

4 4
1

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
=                                        (4.24) 

 

Combining Equations 4.23 and 4.24 results in 
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Again, combining PhTT CV=ε  and Equation 4.25, results in 
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Based on above analysis, when the maximum strain in the relative rigid 

pipeline exceeds the limit of concrete cracking strain, the largest relative joint 

displacement is chosen from either Equation 4.21 or 4.26.  The maximum strain in a 

relatively rigid pipeline can be calculated as  

 

EA
f

P 4max
λε =                                                   (4.27) 

 

which is the strain accumulated in a quarter of wavelength, as shown in Figure 4.7. 
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When the maximum strain in the pipeline is smaller than the concrete cracking 

strain, the relative joint displacement can be estimated using the universal relationship 

provided in Figure 4.15.   

 

The cracking strain for concrete mortar ranges from 0.00005 to 0.00015, with a 

typical value of 0.0001 (Avram et al., 1981).  For the same pipeline and surface wave 

combination used in the FE model in Section 4.3.4, using Equation 4.27, the 

maximum strain in the pipeline can be calculated as 0.000432, which is larger than the 

cracking limit of the concrete mortar.  By accounting for the cracking of concrete 

mortar and choosing the cracking strain as 0.0001, the joint displacement calculated 

by Equations 4.21 and 4.26 is 5.4 cm (2.10 in.) and 6.0 cm (2.36 in.), respectively.  As 

such, the larger value, 6.0 cm, provides a reasonable estimate of the axial joint slip for 

a segmented JCCP in the field.  This value is larger than the axial pullout capacity of a 

typical rubber gasket joint and might lead to the disengagement of adjoining JCCP 

sections. 

 

The model presented in this section accounts for cracking where the tensile 

capacity of the pipeline joint is exceeded, and therefore is compatible with strain limits 

of the pipeline material. The cracking of joints transforms the pipeline from a 

continuous structure to a segmented one.  The model, therefore, accounts for 

geometric nonlinearity. It is able to track changes in geometric properties, shear 

transfer, pipeline strain accumulation, and joint displacement during seismic wave 

passage along the pipeline.  
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4.4 ANALYTICAL MODEL FOR SURFACE WAVE INTERACTION WITH 

CI PIPELINES 

 

In previous sections, an analytical model was developed for seismic wave 

response analyses of JCCPs.  In this section, this model is expanded to analyze the 

seismic wave response of CI pipelines composed of lead-caulked joints.   

 

4.4.1 CI Pipelines 

 

A CI pipeline is one of the oldest and most commonly used pipelines for water 

and gas distribution in North America.  Typically, CI pipe segments are connected by 

lead-caulked joints.  The detailed description of the CI pipe material properties and 

joint characteristics is provided in Section 5.4 together with various other types of 

pipelines.   

 

Figure 4.18 summarizes axial force versus. displacement data after Prior 

(1935) from a testing program of lead-caulked joints for water trunk and distribution 

pipelines.  The test data correspond to pipe internal diameters of 450 and 610 mm.  

Because the plot contains data for pipes with different diameters, the axial force is 

expressed in terms of kN per circumferential length.  Two force-displacement models 

are shown in the figure, corresponding to rigid and elasto-plastic behaviors.  Both 

models show that a very small axial displacement, 0 for the rigid model and 2.5 mm 

for the elasto-plastic model, is needed to mobilize the full axial tensile capacity of the 

joints.  The data suggest that the joint tensile capacity remains approximately constant 

with additional movement after it is mobilized. 
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Figure 4.18  Axial Force vs. Displacement for Lead Caulked Joints  

(after Prior, 1935) 

 

The pullout capacity of the joint in terms of axial slip to cause leakage depends 

on how much movement can occur before the lead caulking loses its compressive seal.  

Based on the laboratory test data, Untrauer et al. (1970) reported that, after an initial 

period of very small leakage, the lead-caulked joints can sustain an axial slip from 25 

to 50 mm (1 to 2 in.) without further loss of water.  This laboratory behavior was 

corroborated by field observations from deformed CI water mains in areas of fault 

creep by O’Rourke and Trautmann (1980).   

 

4.4.2 Seismic Wave Interaction with CI Pipelines  

 

Figure 4.19 illustrates the seismic response of a CI pipeline with lead caulked 

joints.  It is assumed that there is a locally  weak joint in the  pipeline and the  pipeline 
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Figure 4.19  Sinusoidal Wave Interaction with CI Pipeline  

 

on either side of the joint behaves as a continuous one.  The ground strain, gε , is 

expressed as PhCV , in which, V  and PhC  are the particle ground and phase velocities 

along the pipe axis, respectively. 

 

The strain at the pipe ends connected with the lead-caulked joint is controlled 

by the tensile capacity of the joint and is equal to EAFJp /=ε , where JF is the joint 

tensile capacity and EA is the axial stiffness of the pipeline.  As a wave passes across 

the joint, strain in the continuous pipeline on both sides of the joint accumulates 

linearly from EAFJp /=ε  at a slope of EAf  until the reversal of the relative 

displacement (point A in Figure 4.19), after which pipe strain accumulates at the same 

slope but with opposite direction.  There is no relative displacement between pipe and 
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ground at point A where the reversal of relative displacement occurs.  The integration 

of the differential strain between the pipeline and ground from the joint to point A, as 

represented by half of the shaded area in Figure 4.19 is the relative displacement 

between the pipeline and ground at the joint, which equals one half of the relative joint 

displacement.  

 

Comparing Figures 4.8 and 4.19 shows that the difference between the seismic 

response of the JCCP and CI pipeline is that the strain begins to accumulate from 

0=pε  for the JCCP and from EAFJp /=ε  for the CI pipeline.  The difference results 

from the different tensile behavior of rubber-gasket bell-and-spigot and lead caulked 

joints in the JCCP and CI pipeline, respectively.  The JCCP joint has a brittle tensile 

failure behavior, which cannot provide tensile resistance after it cracks.  The CI joint 

has a ductile tensile failure behavior, for which the tensile capacity remains 

approximately constant with additional movement after its pullout resistance is 

mobilized.   

 

In this study, a brittle joint is used for a joint with brittle tensile behavior, and a 

ductile joint is used for a joint with ductile tensile behavior.  A brittle joint can be 

treated as a special case of a ductile joint, which has zero joint capacity, 0=JF .  

Factors affecting the relative displacement of a brittle joint are the strain accumulation 

length LSA, seismic parameter, CVp / , and the relative stiffness between pipeline and 

soil, fEA .  The pullout displacement of a ductile joint is also a function of the joint 

pullout capacity, FJ.  The relative displacement of ductile joints under the effects of 

seismic waves can be analyzed using the FE method. 
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4.4.3 Finite Element Model 

 

With the same finite element model as the one shown in Figure 4.10, the 

response of a 610-mm-(24-in.)-diameter CI pipeline was analyzed under the effects of 

surface waves.  Pipe properties and ground conditions are summarized in Table 4.3. 

The joint was modeled in accordance with the elasto-plastic behavior shown in Figure 

4.20.  The interrelation between joint pullout capacity, FJ, and axial displacement was 

modeled as a bilinear relationship with linear rise to FJ = 275 kN at a relative 

displacement of 2.5 mm and constant FJ thereafter.  The values of joint pullout 

capacity and axial displacement are consistent with those provided by Prior (1935), as 

shown in Figure 4.18, for a 610-mm-(24-in.) diameter pipeline.  The sinusoidal 

seismic wave was assumed with PGV = 30 cm/sec, CPh = 120 m/sec, and T = 3.5 sec, 

which are consistent with the PGV, CPh, and T of the recorded surface waves during 

the 1985 Michoacan earthquake in Mexico City. 

 

Figures 4.21 to 4.22 show the relative displacement between pipe and ground, 

as well as pipe and ground strains.  From Figure 4.21, the relative joint displacement is 

13.7 cm, which is distributed symmetrically either side of the joint to reflect the 

symmetric shape of a sinusoidal wave.  Figure 4.22 shows that the strain at the pipe 

ends connected with the joint is roughly 9.14E-5, equal to FJ/EA.  The strain starts to 

accumulate from the pipe ends at a slope of f/EA, and the direction of strain 

accumulation reverses at point A.  The integration of differential strain between 

ground soil and pipeline within the two strain reversal points in the vicinity of the joint 

is the relative joint displacement.  The high predicted relative joint movement, 13.7 

cm, indicates a strong potential for joint pullout and disengagement for the CI pipeline 

under surface wave effects. 
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Table 4.3  CI Pipeline Physical Properties and Ground Conditions for FE Analysis 

CI Pipeline Properties 

Diameter (mm) 610.0

Wall Thickness (mm) 22.4

Buried Depth (m) 1.0

Center Depth (m) 1.2

Inside Radius of Pipe (mm) 282.6

Outside Radius of Pipe (mm) 305.0

Cross-sectional Area of Pipe (mm2) 41350.4

Young’s Modulus of CI(GPa) 70.0

Unit Weight of Soil (kN/m3) 18.9

Interface Angle (deg) 35.0

Ko 0.43

f (kN/m) 22.0

f/EA (1/m) 7.6E-06

 

 

 

 

 

 

 

 

 

Figure 4.20  Elasto-Plastic Model for Axial Force vs. Displacement for Lead Caulked 

Joints 

2.5 mm Axial Displacement, mm 

Force kN 

FJ = 275 kN 

0 



122 
 

 

-20
-15
-10

-5
0
5

10
15
20

0 2000 4000 6000 8000 10000

Pipe Length (m)

R
el

at
iv

e 
D

is
pl

ac
em

en
t (

cm
)

 

a) Overview 
 

 

-20
-15
-10

-5
0
5

10
15
20

4500 4700 4900 5100 5300 5500

Pipe Length (m)

R
el

at
iv

e 
D

is
pl

ac
em

en
t (

cm
)

 

b) Detail A 
 

Figure 4.21  Pipe-Ground Relative Displacement for Sinusoidal Wave Interaction with 
CI Pipeline  
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b)  Detail A 
 

Figure 4.22  Pipe and Ground Strain for Sinusoidal Wave Interaction with CI Pipeline  
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4.4.4 Relative Joint Displacement Reduction Curves 

 

Figure 4.15 provides a dimensionless chart which can be used to estimate the 

relative joint displacement of virtually any JCCP under the effects of seismic waves.  

This section expands the application of the dimensionless chart to estimate the joint 

pullout displacement of CI pipelines by considering the ductility of the joint using 

dimensionless reduction curves. 

 

4.4.4.1 Normalized Parameters 

 

Based on above analyses, the relative displacement of a ductile joint is a 

function of the joint capacity.  Figure 4.23 shows the strain response of a relatively 

rigid pipeline with a ductile joint possessing different capacities.  In this figure, the 

joint capacity is expressed as a dimensionless parameter, (FJ/EA)/εPmax, in which FJ is 

the joint tensile capacity, EA is the pipeline axial stiffness, FJ/EA is the strain at the 

pipe ends connected with the joint, and εPmax is the maximum possible strain at the 

pipe ends with a value of (f/EA)*λ/4.  The maximum pipe strain, εPmax, occurs when 

the axial stiffness of the joint is equal to or higher than the pipeline.  The parameter 

(FJ/EA)/εPmax represents the normalized strain at the pipe ends, connected with the 

joint, from which the strain begins to accumulate.   

 

For a brittle joint, which has zero joint capacity after being cracked, strain at 

ends of the pipe begins to accumulate from zero, resulting in the longest strain 

accumulation length, LSA, and the largest relative joint displacement.  With increased 

joint capacity, (FJ/EA)/εPmax increases.  At the same time, the strain accumulation 

length,  LSA,  and the  relative joint  displacement decrease.  When the  (FJ/EA)/εPmax  is  
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Figure 4.23  Strain Response Curve for a Relatively Rigid Pipeline with Different 
Values of (FJ /EA)/εPmax 

 

equal to or larger than 1, strain at ends of the pipe is equal to the maximum possible 

pipe strain.  The strain accumulation length, LSA, is zero, leading to a zero relative joint 

displacement if the elastic elongation of the pipeline is neglected.  Because the relative 

joint displacement reaches its maximum value when the joint capacity is zero, i.e. 

brittle joint case, the displacement of a ductile joint, δJ, can be normalized with respect 

to the displacement of a brittle joint, δ, and expressed as a dimensionless parameter, 

δJ/δ.   

 

4.4.4.2 Reduction Curves from FE Analyses 

 

Figure 4.24 summarizes the relationship between the normalized joint 

displacement, δJ/δ, and normalized pipe strain, (FJ/EA)/εPmax, from 15 sets of FE 

analyses for three different pipeline and wave combinations.  The simulations were 

performed  for  an  1980-mm-(78-in.)-diameter  JCCP  under  the  effects  of a  surface  
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Figure 4.24  Reduction Curves from FE Analysis Results 
 

wave with PGV = 30 cm/sec, phase velocity, CPh = 200 m/sec, and predominate 

period, T = 3.5 sec, a 610-mm-(24-in.)-diameter CI pipeline under the effects of a 

body wave with PGV = 177 cm/sec, apparent wave propagation velocity Ca = 2500 

m/sec, and T = 1 sec, and an 1828-mm-(72-in.)-diameter JCCP under the effects of a 

surface wave with PGV = 25 cm/sec, CPh = 100 m/sec, and T = 3.5 sec.  For each pipe 

and wave combination, the Young’s modulus of pipe material was varied artificially 

and different f/EAR values were obtained.  For each f/EAR value, ten runs of FE 

analyses were performed by varying the joint capacity with (FJ/EA)/εPmax values 

ranging from 0 to 1.  In total, the results from 150 FE runs are summarized in Figure 

4.24.  Because these curves show the reduction of the relative displacement for ductile 

joints with respect to brittle joints, they are called relative joint displacement reduction 

curves in this study.   

Upper Bound  
δJ/δ =1-(FJ/EA)/εPmax
for f/EAR < 0.2 
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Figure 4.24 shows that δJ/δ decreases from 1 to 0 with an increase of 

(FJ/EA)/εPmax from 0 to 1.  All reduction curves are bounded by an upper bound, δJ/δ = 

1- (FJ/EA)/εPmax, and a lower bound, δJ/δ = (1-(FJ/EA)/εPmax)2.  When f/EAR is equal 

to or larger than one, all reduction curves converge to the lower bound.  With 

decreasing f/EAR, the reduction curves shift from a lower bound to upper bound.  

When f/EAR is equal to or less than 0.2, all reduction curves converge to the upper 

bound.  For different pipeline and seismic wave combinations, if their f/EAR values 

are same, they share the same reduction curve. 

 

4.4.4.3 Lower Bound  

 

The lower bound of the reduction curves are for pipeline-wave interactions 

with f/EAR equal to or larger than 1, which lies in the relatively flexible pipeline range 

as defined by Equations 4.14 and 4.15.  Wang (2006) conducted a detailed study of the 

reduction curves for relatively flexible pipelines.  Figure 4.25 shows the strain 

response of a relatively flexible pipeline with a joint having capacities equal to 0 and 

FJ.  Half joint displacement, 0.5δJ, corresponding to joint capacity of FJ, is shown as 

the blue shaded area.  Half joint displacement, 0.5δ, corresponding to joint capacity of 

0, is shown as the red shaded area.  The ratio of the relative displacement between a 

ductile and brittle joint, δJ/δ, is the ratio of the blue to red shaded areas.  The red 

shaded area, δ, can be approximated as the triangle, ABM, and the blue shaded area, δJ, 

can be approximated as the triangle, ADC.  The error associated with this 

approximation is minimal, generally smaller than 10% based on the calculations for 

various sinusoidal wave and pipeline combinations.  The area ratio, δJ/δ, can be 

expressed as 
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Figure 4.25  Strain Response Curves of a Relatively Flexible Pipeline  
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where S∆ADC and S∆ABM are the areas of triangles ADC and ABM, respectively.  It is 

noted that CD and MB are in parallel.  Thus 
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Substituting Equations 4.29 into 4.28 results in  
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which provides a lower bound for the reduction curves. 
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4.4.4.4 Upper Bound  

 

Figure 4.26 shows three strain response curves of a relatively rigid pipeline 

with joints having brittle and ductile tensile behavior, as well as a joint with stiffness 

equal to or larger than the stiffness of the pipe material, respectively.  By drawing a 

line, DFG, through the peak points of the three strain curves, the relative displacement 

of both the brittle and ductile joints can be divided into two parts.  One part is 

associated with the trapezoid, ADFB, for the ductile joint and ADGC for the brittle 

joint, as shown in Figure 4.26.  The other part is a triangle, DEF for the ductile joint 

and DMG for the brittle joint, as shown in Figure 4.26.  Although it is hard to prove 

that the three peak strain points are in the same line mathematically, this assumption 

appears to be valid when the pipeline is very stiff.  The limiting case is when the 

pipeline is perfectly rigid, for which the three strain response curves converge to the 

same flat line and the three peak strain points are all in this line.   

 

When the pipeline is very stiff relative to the ground soil, i.e. the f/EAR value 

is very small, the strain response curves are very flat.  Thus, the areas of triangles DEF 

and DMG are typically very small, and can be ignored.  The ratio of the relative 

displacement between the ductile and brittle joints can be approximated as the area 

ratio of ADFB to ADGC, such that 

 

ADGC

ADFBJ

S
S

≈
δ
δ

                                         (4.31) 

 

where SADFB and SADGC are the areas of ADFB and ADGC, respectively.  By drawing a 

line, ''CAB , in parallel with line DFG , SADFB and SADGC can be approximated as 
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Figure 4.26  Strain Response Curves of a Relatively Rigid Pipeline  
 

'ADFBADFB SS ≈                                         (4.32) 

'ADGCADGC SS ≈                                        (4.33) 

 

The errors associated with Equations 4.32 and 4.33 are small, and decrease with 

increasing relative stiffness of the pipeline.  When the pipeline becomes stiffer, the 

slope of the lines DFG and ''' CBA  becomes smaller, and the errors associated with 

Equations 4.32 and 4.33 decrease.  When the relative stiffness of the pipeline becomes 

infinite, the errors associated with Equations 4.32 and 4.33 approach zero.  

 

Combing Equations 4.31 to 4.33 results in, 
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Because EF and OG are also in parallel,  
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which provides an upper bound for the reduction curves.  Figure 4.24 shows that, 

when the f/EAR values are equal to or smaller than 0.2, the reduction curves are very 

close to the upper bound.   

 

4.4.4.5 Reduction Curves for Engineering Usage 

 

Based on the above analyses, the reduction curves are only a function of f/EAR.  

For different f/EAR values, δJ/δ = (1- (FJ/EA)/εPmax)2 provides a lower bound and δJ/δ 

= 1- (FJ/EA)/εPmax provides an upper bound for the reduction curves.  For engineering 

application, it is proposed that when f/EAR is greater than or equal to 1, the reduction 

curve δJ/δ = (1- (FJ/EA)/εPmax)2 can be used; when f/EAR is smaller than or equal to 

0.2, the reduction curve δJ/δ = 1- (FJ/EA)/εPmax can be used, and when f/EAR lies 

between 1 to 0.2, linear interpolation between the upper and lower bounds can be 

used.  The error associated with the interpolation is minimum and without significance 

in engineering practice.  Using the interpolation, every reduction curve corresponding 

to a specific f/EAR value has a closed form solution and can be easily calculated for 

design purposes.  Figure 4.27 shows the reduction curves for engineering applications.  
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Figure 4.27  Reduction Curves for Engineering Usage  

 

Combining the universal relationship provided in Figure 4.15 and the reduction 

curves in Figure 4.27, it is possible to estimate the joint displacement of virtually any 

pipeline with either brittle or ductile joints under the effects of seismic waves.  When 

the CI pipeline in Section 4.4.2 is affected by a surface wave with PGV = 30 cm/sec, 

CPh = 120 m/sec, and T = 3.5 sec, the f/EAR value is 0.32.  Using Figure 4.15, a δ/δ0 of 

0.48 can be obtained and δ0 can be calculated as 33.42 cm based on the wave 

characteristics.  For a brittle joint, the relative displacement can be calculated as 

0.48*33.42 = 16 cm.  For a ductile joint with capacity of FJ = 275 kN and pipeline 

axial stiffness, EA = 2.89E+06 kN, the maximum pipeline strain, εPmax, can be 

calculated as 8.0E-04, and (FJ/EA)/εPmax can be calculated as 0.12, which leads to a 

reduction factor of 0.88 according to Figure 4.27.  As such, the axial slip of the ductile 
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joint can be estimated as 0.88*16 = 14.1 cm, which is 3 percent larger than the finite 

element result, 13.7 cm. 

 

Although the models developed above are intended for the analysis of seismic 

wave interactions with pipelines, they are also applicable to seismic wave interactions 

with other linear structures.  For example, the models can be utilized to estimate the 

displacement at connections between subaqueous tunnels and shore facilities when 

subjected to near source strong motion.  Recent work to retrofit the Bay Area Rapid 

Transit System has focused on the potential slip San Francisco Bay (Wu, et al., 2003). 

Concerns about relative joint displacement during seismic wave interaction, similar to 

those for pipelines, have a strong influence on the retrofitting requirements for this 

transportation lifeline. 
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CHAPTER 5 

 

PIPE DAMAGE MODELING 

 

5.1 INTRODUCTION 

 

The flow and pressure conditions in a water supply system after earthquakes 

can be predicted using hydraulic network analysis with special treatment of negative 

pressures.  To predict the flow and pressure conditions, pipeline damage, including 

leaks and breaks, needs to be added into the network, followed by the hydraulic 

simulation of the damaged system.  Commercial hydraulic network analysis software 

packages are designed for undamaged systems.  Currently, pipe breaks and leaks are 

not accounted for in these software packages.  Previous researchers (e.g., Ballantyne, 

et al., 1990; Markov, et al., 1994; Hwang, et al., 1998) developed their own methods 

for simulating pipe damage in hydraulic network analysis.   

 

This chapter presents methods for pipe damage simulation in hydraulic 

network analysis.  It begins with a brief review of previous research on this subject, 

followed by the definition of pipe leaks and breaks.  The hydraulic simulation of leaks 

and breaks are discussed thereafter, with special attention to leak simulation.  The 

methodology of leak simulation and the verification of the methodology are discussed.  

A brief review of material properties, joint characteristics, and seismic damage 

mechanisms, is provided for various types of pipelines.  A classification for leak 

scenarios is proposed and mathematical formulations are developed to determine the 

opening area of each leak scenario.  Finally, the implementation of the pipeline break 

and leak models in association with Monte Carlo simulation is described.  
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5.2 PREVIOUS RESEARCH 

 

In this section, previous work on modeling pipe leaks and breaks is briefly 

described under the first three subheadings that follow.  The practical implication of 

the different models proposed for damaged pipelines is provided under the fourth 

subheading. 

 

5.2.1 Ballantyne et al. Model 

 

Ballantyne et al. (1990) classified pipe damage into leaks and breaks.  They 

considered damage modes, such as joint looseness, circumferential cracks, and 

corrosion-related damage (pinholes and small blow-outs) as leaks.  Longitudinal 

cracks, joint splits, and pipe ruptures were considered to be breaks.  Based on their 

review of field data collected after previous earthquakes, Ballantyne et al. assumed 

that 85% of the damage to cast iron pipelines occurs as leaks and 15% occurs as 

breaks under transient ground deformation (TGD) effects.  They also assumed that 

half the damage to cast iron pipes occurs as leaks and half occurs as breaks under 

permanent ground deformation (PGD) effects.  Pipe damage was then divided into 

leaks and breaks according to these relative percentages.   

 

In hydraulic network analyses performed by Ballantyne, et al. (1990), leaks 

and breaks were simulated with a fictitious pipeline connected with the damaged pipe 

on one end and with a fixed-grade node (an empty reservoir) on the other, representing 

free discharge to the surrounding soil.  The length and roughness coefficient of the 

fictitious pipeline were fixed as 30 m (100 feet) and 120, respectively.  The diameter 

of the fictitious pipeline was varied from 25 mm (1 in.) to 200 mm (8 in.) to simulate 
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breaks and various levels of leakage.  The number of locations of pipeline damage was 

estimated using pipe fragility curves, relating repair rate (repairs per unit pipe length) 

to Modified Mercalli Intensity (MMI).   

 

5.2.2 Hwang et al. Model 

 

Hwang et al. (1998) modeled pipe damage as leaks and breaks following the 

same classification criteria proposed by Ballantyne et al. (1990).  A damaged pipeline 

was modeled by adding a node (orifice node) at the middle of the pipeline, and the 

orifice area was determined as the summation of the break and leak areas in the 

pipeline.  The opening area for a leak was taken as 3% of the pipe cross-sectional area, 

and the opening area for a break was taken as the entire pipe cross-sectional area.  If 

the summation of the opening area was larger than the pipe cross-sectional area, the 

summation of opening area was taken as the pipe cross-sectional area.  The discharge 

through the orifice created by the total opening area was determined by  

 

gHCAQ 2=                                             (5.1) 

 

where Q is the discharge from the orifice, C is an experimental coefficient with a 

value of 0.64, H is the water head at the orifice node, A is the total opening area, and g 

is the acceleration of gravity.  

 

To implement this model in hydraulic network analyses, the number of leaks 

and breaks in each pipeline was estimated using Monte Carlo simulations with the 

assumption that pipe damage follows a Poisson process.  The mean damage arrival 

rate was estimated on the basis of correlations with seismic hazard parameters, such as 
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peak ground velocity and permanent ground deformation.  Hwang et al. assumed that, 

under TGD effects, 85% of the damage to cast iron pipes occurs as leaks and 15% 

occurs as breaks; and 96% of the damage to ductile iron pipes occurs as leaks and 4% 

occurs as breaks.  For pipe damage induced by PGD, 50% occurs as breaks and 50% 

occurs as leaks for all types of pipelines.  Damage was then classified as either leaks 

or breaks according to their relative percentages using Monte Carlo simulation.   

 

5.2.3 Markov et al. Model 

 

Researchers at Cornell University (Markov et al. 1994; Khater and Grigoriu, 

1989) assumed that all pipeline damage occurred as breaks.  To model a break, the 

original pipeline was disconnected completely and the two disconnected ends were 

open to the atmosphere.  To implement this model in hydraulic network analyses, the 

damage states, broken or intact, of each pipeline was determined using Monte Carlo 

simulation by assuming that pipe breaks follow a Poisson process with a mean arrival 

rate, correlated with seismic hazard parameters.  One break was then added at the 

middle point of each damaged pipeline. 

 

5.2.4 Discussions of the Three Models 

 

Ballantyne et al. (1990) and Hwang et al. (1998) used similar models and 

assigned the same relative percentages to pipe breaks and leaks for cast iron pipelines.  

They modeled pipe breaks and leaks as an orifice in the pipe wall.  A pipe break or 

leak is differentiated by the different size of the opening area.  To consider the energy 

loss of water flow from the orifice to the surrounding soil, Ballantyne et al. used a 

fictitious pipeline with a certain length, roughness, and diameter, and attributed the 
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energy loss to the frictional loss along the fictitious pipeline.  Hwang et al. used an 

orifice node and assumed that the energy loss is accounted for by minor loss.  In real 

situations, the energy loss of water flow from an orifice in the pipe wall is due to 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.  This energy is one of the minor 

losses in hydraulic network analysis (Armando, 1987).  From this point of view, the 

model provided by Hwang et al. is more consistent with reality.  However, Hwang et 

al. did not justify the usage of the minor loss coefficient with a value of 0.64.  

 

Ballantyne et al. and Hwang et al. simulated pipeline leaks and breaks, using 

the same model with different opening areas.  The worst damage scenario was 

simulated by an orifice in the pipe wall with the same area as the pipe cross-sectional 

area.  It is likely that complete separation or rupture of a trunk line will erode the 

surrounding soil, thus exposing the pipe opening to the atmosphere.  Although the 

flow associated with some breaks in smaller diameter distribution pipelines (e.g. 100 

to 150 mm in diameter) may be constrained by the surrounding soil, it is reasonable 

and only slightly conservative to assume that breaks under these conditions will be 

open to the atmosphere.  

 

Ballantyne et al. and Hwang et al. summed all leak and break areas in the same 

pipeline and modeled the combined damage at one location in the pipeline.  Water 

losses from both leaks and breaks are therefore affected by the location.  For a long 

pipeline, the assumption that all breaks or leaks occur at one location may lead to 

significant errors.  Such errors could be especially large for long trunk lines that do not 

connect to other pipelines for a long distance.  The longest trunk line in the LADWP 

hydraulic network model is roughly 15 km.  
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Markov et al. modeled a pipe break by completely disconnecting the original 

pipeline and opening the broken ends to the atmosphere.  This model provides a 

reasonable simulation for pipe breaks, but tends to overpredict slightly the water loss 

from the broken ends by ignoring energy loss from flow turbulence created by the 

sudden expansion of water passing through the flow area of the broken pipe end to an 

infinite area external to the pipe.  Markov et al. did not provide models for pipeline 

leaks.  

 

5.3 DEFINITIONS 

 

To model a pipe leak and break properly, it is important to provide clear 

definitions for them.  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.  

 

5.4 PIPE LEAK SIMULATION 

 

Previous earthquake damage data show that a majority of pipe damage occurs 

as leaks (Ballantyne et al., 1990).  A leak is essentially an opening in the pipe wall or 

at a pipe joint, from which water is discharged into the surrounding soil with some 
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energy loss.  Two key issues associated with pipe leak simulation are how to model 

the energy loss and how to decide the opening area.  

 

5.4.1 Methodology 

 

This section provides a description of the methodology for leak simulation 

used in hydraulic network analysis.  The leak simulation model is developed from 

energy loss equations and validated using sprinkler data from the National Fire 

Protection Association (Puchovsky, 1999). 

 

5.4.1.1 Theoretical Derivation 

 

Figure 5.1 shows a longitudinal section of a pipeline which contains a leak 

with an orifice area A1 in the pipe wall.  Water flows from the left to right in the pipe 

with an internal pressure of p1 and leaks into the surrounding soil through the orifice.  

The pressure, p2, can be approximated as zero compared with the pipe internal 

pressure, p1, which is typically from 0.14 Mpa to 1.4 Mpa (20 to 200 psi) above 

atmospheric levels.  By ignoring the minor elevation difference between the pipe and 

the surrounding soil, the hydraulic head loss, Δh, from the leak can be calculated as 

 

  
ww

ppph
γγ

121 =
−

=Δ                                                (5.2) 

 

where γw is the unit weight of water.  The Δh from the leak is mainly attributed to the 

minor loss resulted from the sudden expansion of the flow cross-sectional area, which 

increases  from  A1  of  the  orifice  in the  pipe  wall to a  substantially  larger  area, A2, 
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Figure 5.1  Longitudinal Section of a Leaking Pipe  

 

external to the pipe, where water flow radiates three-dimensionally.  The minor loss, 

Δhm, in hydraulic network analysis is usually expressed as 

 

  2
2

12
Q

gA
Khm =Δ                                                  (5.3) 

 

where K is the minor loss coefficient and g is the gravitational acceleration.  The K 

value for the sudden expansion of the flow cross-sectional area is defined by the well-

known Borda’s formula in hydraulic engineering (Jeppson, 1976) as 

 

  2

2

1 )1(
A
AK −=                                                   (5.4) 

 

Because A2 is substantially larger than A1, A1/A2 approximates to zero, and hence, K 

approximates to 1. 
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Since Δhm approximates to Δh, combining Equations 5.2 & 5.3 leads to 
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Equation 5.5 can be rewritten as 
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Equation 5.6 is the governing equation for water loss from leaks.  It shows that water 

loss from a leak is linearly proportional to the orifice area, A1, and the square root of 

pipe internal pressure, p1. 

 

5.4.1.2 Validation Using Sprinkler Data  

 

A pipe leak can be considered as analogous to a sprinkler used for fire 

protection, from which water discharge is governed by the following hydraulic 

equation (Puchovsky, 1999) 

 

  5.0pCQ D=                                                  (5.7) 

 

where Q is the flow rate through the sprinkler, CD is the discharge coefficient, and p is 

the sprinkler operational pressure.  The derivation procedure used in the leak model 

can be applied to the sprinkler, resulting in the same set of equations, i.e., Equations 
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5.2 to 5.6, where A1 is the area of the sprinkler orifice and p1 = p.  Combining 

Equations 5.6 and 5.7 leads to 
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γ
    (5.8) 

 

To validate the model, a set of sprinkler data, which contains both the orifice 

size, A1, and the corresponding discharge coefficient, CD, are adopted to derive the 

relationship between CD and A1 and to compare the derived relationship with the 

theoretical relationship shown in Equation 5.8.  Table 5.1 summarizes the data, which 

cover the typical range of sprinkler orifice areas used for fire protection purposes 

(Puchovsky, 1999).  Figure 5.2 shows the comparison between the sprinkler data and 

model prediction.  This figure shows that the theoretical predictions and real data 

follow closely spaced, parallel trends.  The CD of the real sprinklers is roughly 10% 

lower than the theoretical CD.  The lower CD values of the real sprinklers are due to the 

inevitable frictional losses from the sprinklers since they have a short length; while the 

theoretical prediction ignores all frictional losses.   

 

The consistency between the model predictions and sprinkler data provides 

confidence in applying the model to simulate pipe leaks, which might occur to a 

relatively larger orifice area than that of sprinklers used in fire protection.  Figure 5.3 

shows the relationship between the CD and A1 with A1 values ranging from 0 to 12,500 

mm2 (20 in2). When modeling pipe leaks after earthquakes, the orifice area is 

determined in accordance with leak characteristics.  The estimates of leaking areas 

will be discussed in detail in Section 5.4.4.   
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Table 5.1  Relationship Between Sprinkler Discharge Coefficient and Orifice Size 

(after Puchovsky, 1999) 

Discharge 
Coefficient, CD 

Discharge 
Coefficient, CD Orifice Diameter Orifice Area, A1 

[(L/s)/(kPa)0.5] [gpm/(psi)0.5] mm in. mm2 in.2 

0.03 1.4 6.40 0.25 32.17 0.05 
0.05 1.9 8.00 0.31 50.27 0.08 
0.07 2.8 9.50 0.37 70.88 0.11 
0.10 4.2 11.00 0.43 95.03 0.15 
0.14 5.6 12.70 0.50 126.68 0.20 
0.19 8.0 13.50 0.53 143.14 0.22 
0.27 11.2 15.90 0.63 198.56 0.31 
0.34 14.0 19.00 0.75 283.53 0.44 
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Figure 5.2  Comparison Between Model Predictions and Sprinkler Data 
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Figure 5.3  Relationship Between CD and A1 for Leakage 

 

5.4.2 Hydraulic Model 

 

In hydraulic simulations, a sprinkler is typically implemented as a fictitious 

pipe connected with a fixed grade node (an empty reservoir), which has the same 

elevation as the immediate upstream of the sprinkler.  Following the model of the 

sprinkler, Figure 5.4 shows the pipe leak model in hydraulic network simulations, in 

which a fictitious pipe is added with one end connected to the leaking pipe and the 

other end open to the atmosphere, simulated as an empty reservoir with the same 

elevation as the leak location.  A check valve is built into the fictitious pipe, allowing 

water to flow only from the leaking pipe to the reservoir but not the reverse.  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 

diameter of the fictitious pipe is determined by the leak orifice area. 
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Figure 5.4  Hydraulic Model for Pipe Leak  

 

5.4.3 Pipe Property and Damage Mechanism Review 

 

Using the leak model developed in the last section, a key input parameter is the 

leaking area.  The leaking area depends on pipe material properties, joint 

characteristics, and earthquake damage mechanisms.  A brief review of material 

properties, joint characteristics, and damage mechanisms is provided for five classes 

of pipelines, which are widely used in water supplies in North America. 

 

5.4.3.1 Cast Iron Pipes 

 

Cast iron pipelines have been used in the U.S. since 1817.  A large portion of 

pipelines, especially distribution mains with relatively small diameters, in modern 

water supply systems are composed of cast iron.  O’Rourke and Toprak (1997) 

reported that 72% of distribution mains, based on length in the LADWP system, are 

cast iron pipelines.  A typical cast iron pipe segment is 3 (10) to 6 m (20 ft) long.  Cast 

iron pipe segments are generally jointed together with bell-and-spigot lead caulked 

Hydraulic Model  

Pipe Leaking 

Empty Reservoir 

Check Valve 
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joints.  Figure 5.5 shows a section of cast iron pipe with a bell-and-spigot lead caulked 

joint, and Figure 5.6 provides a schematic drawing of the joint, which is typically 

constructed by: 1) packing oakum, which is a hemp yarn, into the joint; 2) pouring 

lead into the joint; and 3) ramming and tamping the lead into the joint with a caulking 

tool (O’Rourke and Trautmann, 1980).   

 

The pullout capacity of a lead caulked joint is decided by two factors, the 

adhesive strength at the pipe/lead interface, Ca, and the depth of caulking lead, dL. 

O’Rourke and Trautmann (1980) reported that the pullout capacity of the joint is much 

lower than the tensile capacity of the pipe material.  The pullout capacity of the joint 

in terms of axial slip to cause leakage depends on how much movement can occur 

before the lead caulking loses its compressive seal.  Based on the laboratory test data 

reported by Untrauer et al. (1970), between 25 to 50 mm (1 to 2 in.) of axial slip is a 

range that will result in significant leakage.  After the slip capacity is exceeded, 

leaking may occur from the annular space between the bell and spigot. 

 

Circumferential flexural failure in areas of ground curvature is another cause of 

damage to cast iron pipes due to the lack of ductility of pipe material and joints.  Cast 

iron is considered to be a brittle material with a tensile strain capacity generally lower 

than 0.5 percent.  For relatively small diameter pipelines, the pipe barrel is vulnerable 

to circumferential cracking due to flexure.  O’Rourke and Pease (1992) reported that 

more than 80 % of damages to cast iron pipes with diameters ranging from 100 to 200 

mm (4 to 8 in.) in the Marina District after the 1989 Loma Prieta earthquake was 

round cracks occurring in pipe barrels.  
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Figure 5.5  Cast Iron Pipe with Bell-and-Spigot Lead Caulked Joint  

(after American Lifelines Alliance, 2005) 

 

 

 

 

 

 

 

 

 

 

Figure 5.6  Schematic Drawing of Bell-and-Spigot Lead Caulked Joint Cross-Section 
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Corrosion is an important hazard for metal pipelines.  The process of corrosion 

is complicated, and detailed descriptions can be found in the literature (e.g., AWWA, 

1964; Thielsch, 1965).  Typically, there are four types of corrosion that affect buried 

metal pipes, including galvanic, electrolytic, stress, and biochemical.  Galvanic 

corrosion occurs when dissimilar metals are joined in an electric circuit in the presence 

of an electrolyte.  Electrolytic corrosion occurs when a buried metal pipe serves as a 

return path for DC circuits used in transportation or other industries.  It is a common 

practice with DC circuits to make use of the ground as a return path for current.  A 

metal pipe buried underground has smaller resistance than the ground and may serve 

as the return path for the current, which results in corrosion to the metal pipe end 

where the current leaves it.  Stress corrosion occurs in areas with points of 

concentrated stress adjacent to the areas of uniform stress, such as the area around 

rivets in riveted steel pipes, under conditions where an electrolyte is present.  

Biochemical corrosion results from chemical changes, which can be induced by 

microorganisms in soils surrounding the pipe or water inside the pipe.   

 

Corrosion can occur either inside or outside a pipe and leave pinhole or local 

defects in the pipe wall.  These defects are areas of reduced strength and ductility, and 

are potential locations of damage under seismic loading.  One economic way to 

control corrosion is to provide protective coatings either internally or externally, or 

both, and to provide catholic protection.   

 

Another damage mechanism for cast iron water supply pipelines is a 

longitudinal split of the pipe wall under the combined effects of seismic loading and 

high internal pressure.  A longitudinal split may be initiated by deterioration or defects 

in the pipe wall created during metal fabrication or resulting from corrosion.   
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5.4.3.2 Ductile Iron Pipes  

 

Ductile iron differs from cast iron in that its graphite is spheroidal or nodular 

instead of flakes.  This results in greater strength, ductility and toughness.  Figure 5.7 

shows photos of the ductile iron pipe segments with bell-and-spigot push-on joints, 

which are the most commonly used joints for ductile iron pipelines.  Figure 5.8 shows 

a schematic drawing of a push-on joint.  Typically a rubber ring gasket is compressed 

during the insertion of the ring end into the bell end to form a water-tight seal at the 

joint. The insertion distance using manufacturer’s common recommendations is 

roughly 25 mm (1 in.) for a pipe segment with a typical length of 5.3 m (16 ft).   

 

The pullout resistance of a push-on joint is provided by the rubber gasket ring, 

and is very small.  Furthermore, the rubber gasket ring tends to deteriorate with age.  

After more than 25 mm (1 in.) of axial pullout, the rubber gasket begins to lose its 

compressive seal and leaking starts to occur from the annular space between the bell 

and spigot ends.  Therefore, ductile iron pipelines are vulnerable to pullout.  In 

contrast to cast iron pipelines, which are vulnerable to circumferential flexural failure 

in areas of ground curvature, ductile iron pipelines can accommodate the ground 

deformation much better due to the ductility of its pipe material.  Local loss of pipe 

wall and longitudinal crack can also occur in ductile iron pipelines for the same 

reasons as those for the cast iron pipelines. 

 

5.4.3.3 Riveted Steel Pipes 

 

Riveted steel pipelines are a class of pipeline in older sections of water 

supplies.  They  are  no  longer  produced  in  the  U.S.  Figure 5.9  shows a  photo of a  
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Figure 5.7  Ductile Iron Pipes with Bell-and-Spigot Push-On Joints  

(after American Lifelines Alliance, 2005) 

 

 

 

 

 

 

 

 

 

Figure 5.8  Schematic Drawing of Bell-and-Spigot Push-on Joint Cross-Section 
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riveted steel pipeline installed in 1925.  Typically, riveted steel pipelines are made 

with the pipe section edges overlapped to form lap joints both longitudinally and 

circumferentially (Crocker, 1945).  It is customary to use rivets of about the same 

material as the plate and to caulk the overlapping edges to obtain a water-tight joint.  

A common riveted steel pipeline has two rows of rivets for the longitudinal seam joint, 

but just one line of rivets for the circumferential joints (American Lifelines Alliance, 

2005).  Figures 5.10a and b show schematic drawings of the rivet connections along 

the pipe circumferential and longitudinal directions.   

 

Repairs of riveted steel pipelines by the LADWP after the 1994 Northridge 

earthquake showed that seismic damage was often in the form of sheared rivets at 

circumferential and longitudinal seams.  Rivets may be preferential locations for 

corrosion due to the stress concentration.  Corrosion products are often visible around 

rivets at the external surfaces of old riveted steel pipelines.  The shear failure of rivet 

connections may lead to leaking from the space between the inner and outer pipe 

plates.  Similar to cast iron and ductile iron pipes, the local loss of pipe wall and 

longitudinal splits can also occur in riveted steel pipelines. 

 

5.4.3.4 Jointed Concrete Cylinder Pipes  

 

Jointed concrete cylinder pipes (JCCPs) are a particular class of pipelines used 

for water trunk and transmission facilities in North America.  In this study the term 

JCCP is used to represent pipelines composed of reinforced concrete and steel 

cylinders that are coupled with mortared, rubber-gasket bell-and-spigot joints.  As 

discussed by O’Rourke et al. (2004c), there are a variety of JCCPs, such as concrete 

cylinder pipe (CCP),  bar wrapped  concrete cylinder pipe (BWCCP),  and  prestressed 
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Figure 5.9  Riveted Steel Pipeline (after American Lifelines Alliance, 2005) 

 

 

 

 

(a)  Circumferential Rivet Connection 

 

 

 

 

(b) Longitudinal Rivet Connection 

 

Figure 5.10  Schematic Drawings of Rivet Connections 
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concrete cylinder pipe (PCCP).  Figure 5.11 shows a JCCP damaged during the 1994 

Northridge earthquake.  Figure 5.12 shows a representative cross-section of a JCCP 

joint collected from the design and as-built drawings of JCCPs investigated as part of 

this study.  More examples of JCCP joints can be found in the American Lifelines 

Alliance (2005).   

 

All designs and methods of construction of JCCPs rely on a rubber-gasket bell-

and-spigot connection.  The rubber gasket is often 18 to 22 mm wide when 

compressed to form a water-tight seal.  Cement mortar is poured in the field to seal the 

joint.  The axial tensile capacity of the joint depends on the tensile strength of the 

poured mortar connection and pullout resistance of the gasket, both of which are 

relatively low.  It is not uncommon for the mortar at JCCP joints to be cracked and 

separated as a result of forces induced during installation or in response to subsequent 

operational loads and movements in the field.  O’Rourke et al. (2004a) summarized 

inspection results of the field joint conditions of the Bay Division Pipelines in San 

Francisco.  They reported that roughly 2% of the JCCP joints were cracked and 

separated to varying extents, with a maximum separation of 20 mm (0.75 in.). 

 

The pullout capacity of the joint in terms of axial slip to cause leakage depends 

on how much movement can occur before the rubber gasket loses its compressive seal.  

As discussed in Section 4.3.1, the axial pullout capacity of the joint can be evaluated 

using a probabilistic model.  As a minimum, about 1 of every 10 joints cannot reliably 

accommodate more than 3-4 mm of axial slip.  Given this level of tolerance, JCCP 

joints are sensitive to seismic loadings, which have the potential to induce leakage 

from the annular space between the bell ring and spigot.  Field observations of damage 

to the JCCPs  found that the majority  of locations of damage occurred as joint annular 
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Figure 5.11  Photo of JCCP and Joints (Photo by Ballantyne) 
 

 

 

 

 

 

 

 

 

 

Figure 5.12  Schematic Drawing of JCCP Joint Cross-Section 
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disengagement (Ayala and O’Rourke, 1989).  Since JCCPs are composites of 

reinforced concrete and steel pipe or thin steel cylinders, longitudinal and 

circumferential cracks in the pipe barrel will be infrequent. 

 

5.4.3.5 Welded Steel Pipes 

 

Steel pipes are used in many high-pressure water distribution systems in 

regions of high seismicity due to the favorable mechanical properties of steel, such as 

high strength, ability to yield or deflect under load, ability to bend without breaking, 

and resistance to shock.  A common method of joining steel pipe segments is the 

welded slip joint, which is fabricated by inserting the straight end of one steel pipe 

section into the bell end of another, and joining the two sections with one or two 

circumferential fillet welds.  Figure 5.13 shows a section of steel pipeline with a 

welded slip joint used for lab testing.  Figure 5.14 provides a schematic drawing of a 

single circumferential fillet weld.  A welded steel pipeline is typically ductile and 

capable of mobilizing large strain associated with significant tensile yielding before 

rupture.   

 

The principle failure mode of a welded steel pipeline is local buckling under 

compressive forces (Jones, et al., 2004).  As illustrated in Figure 5.14 b, local buckling 

typically occurs at the location of maximum curvature in the bell casing of a welded 

slip joint in the form of wrinkling and outward deformation.  The compressive force to 

buckle the bell casing can be substantially lower than that required to buckle and fail a 

straight pipe section (Eidinger, 1999).  Excessive buckling will tear the pipe barrel and 

cause leakage.  As reported by Lund and Cooper (1995), a local tear occurred in a 

3050-mm(120-in.)-diameter   welded   steel   pipeline   during   the   1994   Northridge 
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Figure 5.13  Steel Pipe with Welded Slip Joint 

 

 

 

 

 

 

 

 

a)  Before Buckling                                              b)  After Buckling   

 

Figure 5.14  Schematic Drawing of Welded Slip Joint Cross-Sections 
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earthquake, and resulted in a 1.5-m (60-in) circumferential split in the curved portion 

of the bell casing of the welded slip joint.  The damaged welded steel pipeline and the 

removed part of the pipe wall are shown in Figures 5.15 and 5.16, respectively.   

 

Modern steel pipelines are generally well protected by coatings so that 

corrosion is unlikely to occur.  Due to the ductility and high strength of steel and the 

welded joints, longitudinal cracks and joint looseness are unlikely to occur. 

 

5.4.4 Leak Classification 

 

As discussed in the last section, pipelines can have various damage states 

under earthquake loading effects.  To develop a rational basis for leakage simulation, 

this study classifies leaks into five scenarios, based on different damage states, and 

recommends simulating leakage as a function of pipe diameter. 

 

5.4.4.1 Annular Disengagement 

 

The first leak scenario is annular disengagement, which refers to joint 

looseness of segmented pipelines resulting from joint axial pullout movement during 

seismic loading.  A schematic drawing of annular disengagement occurring at a bell-

and-spigot joint is shown in Figure 5.17.  This leak scenario may occur in cast iron, 

ductile iron, jointed concrete cylinder, and riveted steel pipelines.  For cast iron, 

ductile iron, and jointed concrete pipelines, annular disengagement results from the 

relative pullout movement of the joint bell and spigot ends, and the subsequent loss of 

gasket compressive seal.  For riveted steel pipelines, annular disengagement occurs 

due to the relative pullout movement of the inner and outer pipe section edges and the 
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Figure 5.15  Photo Showing Pipe Leak in a 3050-mm-Diameter Welded Steel Pipe 

(after Lund and Cooper, 1995) 

 

Figure 5.16  Photo Showing Removed Section of Pipe Wall with a 1.5-m-Split at 

Welded Slip Joint (after Lund and Cooper, 1995) 
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Figure 5.17  Schematic Drawing of Annular Disengagement at Bell-and-Spigot Joint 

 

subsequent loss of the compressive seal of caulking material.  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, the maximum possible annular area, and calculated as  

 

maxAkA ×=                                                  (5.9) 

 

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

maxA is decided by the configuration of the joint and can be estimated as 

 

πtDA ≈max                                                 (5.10) 

 

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

space. 

 

D 

t 

Gasket Lost 
Compressive Seal 
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Substituting Equation 5.10 into 5.9 results in 

 

πtkDAkA =×= max                                          (5.11) 

 

Since a leak is modeled as a fictitious pipeline in hydraulic network analysis, 

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 

 

tkDAd 2/4 == π                                        (5.12) 

 

The maximum possible annular space of the bell-and-spigot gasket joints used 

in cast iron and ductile iron pipelines can be approximated as the thickness of the 

gasket, which ranges roughly from 10 (0.4 ) to 16 mm (0.65 in.) (Crocker, 1945).  For 

the bell-and-spigot joints used in JCCPs, the maximum possible space for leaking can 

be taken as the maximum space between the flared end of the bell and spigot, 

indicated as t in Figure 5.12.  This space is roughly 8 (0.3) to 10 mm (0.4 in.) 

according to the as-built and design drawings used in this study (O’Rourke, et al., 

2004a).  The maximum annular space of a riveted joint connection can be taken as the 

thickness of caulking material, indicated as t in Figure 5.10.  Due to the lack of data on 

the caulking material thickness, it is assumed that the caulking material is similar in 

thickness to that of the pipe wall.  By reviewing the characteristics of riveted steel 

pipelines with diameters ranging from 100 (4) to 1829 mm (72 in.) in the LADWP 

system, it was found that their wall thickness varies from 3.5 (0.14) to 14 mm (0.56 

in.) with an average value of 7 mm (0.25 in.).   
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Because the range of the t values for the four types of pipelines, to which 

annular disengagement may occur, is relatively small, to simplify simulations, a 

default value of 10 mm (0.4 in.), is proposed for the t value.  The 10 mm represents a 

rough average of the annular space, t, of the four types of pipelines.  As for the ratio of 

the real 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.   

 

5.4.4.2 Round Crack 

 

The second leak scenario is a round crack, which refers to the circumferential 

cracking of 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 

5.18.  Round cracks occur in pipes composed of brittle material and joints, such as cast 

iron pipes with lead caulked joints.  The EOA is decided by the opening angle of the 

crack and pipe diameter, and can be calculated as 

 

25.0)(5.0 DDDA πθθπ =×=                                    (5.13) 

 

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

 

The EOD of a round crack can be calculated as  

 

DDAd θππθπ 2 /)5.0(4/4 2 ===                        (5.14) 

 

Based on field observations (O’Rourke, 2005), a default value of 0.5o is proposed for 

the opening angle in this study. 
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Figure 5.18  Schematic Drawing of Round Crack 

 

5.4.4.3 Longitudinal Crack 

 

The third leak scenario is a longitudinal crack, which refers to the cracking of 

the pipe barrel or seam along the pipe longitudinal direction caused by the external 

loading and/or high internal pressures during earthquakes.  A schematic drawing of a 

longitudinal crack is shown in Figure 5.19.  The longitudinal cracking may be initiated 

by some micro cracks or local defects in the pipe wall.  Metal pipes, including cast 

iron, ductile iron, and riveted steel are vulnerable to longitudinal cracking.  JCCPs are 

unlikely to be cracked longitudinally due to reinforcing steel and the presence of steel 

pipe or thin steel casings.  Longitudinal cracking occurs infrequently in steel water 

pipes because of the high tensile strength and ductility of the steel. 

 

The EOA of a longitudinal crack can be calculated as  

 

WLA ×=                                                 (5.15) 

 

where L and W are the length and width of the crack, respectively.  The length, L, is in 

the pipe axial 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  as a  function  of the  

D 
θ
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Figure 5.19  Schematic Drawing of Longitudinal Crack 

 

opening angle, θ , of the crack and pipe diameter, D.  The width, W, can be calculated 

as 

 

θDW =                                                      (5.16) 

 

Substituting Equation 5.16 into Equation 5.15 results in  

 

θLDLWA =×=                                             (5.17) 

 

The EOD of a longitudinal crack can be calculated as 

 

πθπ /2/4 LDAd ==                                       (5.18) 

 

The length of a pipe section varies from pipe to pipe, depending mainly on pipe 

materials.  Thirteen meters (40 ft) provides a reasonable, but conservative estimate of 

the length of metal pipes.  The opening angle of the longitudinal crack is estimated as 

0.1o from field observations (O’Rourke, 2005). 
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5.4.4.4 Local Loss of Pipe Wall 

 

The fourth leak scenario is the local loss of pipe wall.  This leak scenario is 

caused by the loss of a small portion of pipe wall, which deteriorates by corrosion, 

under the earthquake loading effects.  A schematic drawing of a local loss of pipe wall 

is shown in Figure 5.20.  The EOA of a local loss of pipe wall can be calculated as  

 

WLA ×=                                                   (5.19) 

 

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, k1, of pipe diameter as 

 

DkL ×= 1                                                 (5.20) 

 

The width, W, is along the pipe circumferential direction and can be estimated as a 

ratio, k2, of the pipe circumferential length to yield 

 

DkW π2=                                                  (5.21) 

 

Substituting Equations 5.20 and 5.21 into 5.19 results in 

 

2
21 DkkA π=                                                (5.22) 

 

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

 

 



167 
 

 

 

 

 

 

Figure 5.20  Schematic Drawing of Local Loss of Pipe Wall 

 

DkkDkkAd 21
2

21 2/)(4/4 === πππ                          (5.23) 

 

The loss of pipe wall due to corrosion is usually small.  Five percent is proposed as a 

rough estimate of each of the parameters, k1 and k2, in this study. 

 

5.4.4.5 Local Tear of Pipe Wall 

 

The fifth leak scenario is a local tear of a pipe wall, which typically occurs as a 

rupture in the bell casing of wrinkled welded slip joints induced by compressive 

forces.  A schematic drawing of a local tear of a steel pipeline with welded slip joint is 

shown in Figure 5.21.   

 

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

 

WLA ×=                                                  (5.24) 

 

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, 

D 

L 

W 
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Figure 5.21  Schematic Drawing of Local Tear of Pipe Wall 

 

DkL π=                                                     (5.25) 

 

Substituting Equation 5.25 into Equation 5.24 results in 

 

DWkLWA π=×=                                            (5.26) 

 

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

 

kWDWDkAd 2    /)*(4/4 === πππ                         (5.27) 

 

Damage to the 3050-mm(120-in.)-diameter welded steel pipeline during the 

1994 Northridge earthquake, shown in Figures 5.15 and 5.16, is a local tear of pipe 

wall, which has a length of roughly 20% of the pipe circumferential length and a width 

of 12 mm (0.5 in.).  The value for length of a local tear is proposed as 30% of the pipe 

circumferential length, and the width is assumed to be 12 mm (0.5 in.) in this study. 

 

It is noted that the EOA is a function of pipe diameter for each leak scenario.  

As discussed in Section 5.4.1, water loss from a leak is a linear function of the orifice 

area.  As such,  the  water  loss  is  also  a function  of  the  pipe  diameter.  Figure 5.22  

L W D 
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Figure 5.22  Water Loss for Five Leak Scenarios as a Function of Pipe Diameter 

 

shows the relationship between water loss and pipe diameter for the five leak scenarios 

with an assumed pipe internal pressure of 0.69 MPa (100 psi), a typical value of pipe 

internal pressure in water supplies.  From this figure, water losses increase in 

proportion to pipe size for each leak scenario, and significant differences exist among 

the leak scenarios.  For large diameter pipelines, the round and longitudinal cracks are 

two potentially large leaks, which result in most water losses, and leakage associated 

with the other three scenarios is smaller. 

 

5.4.5 Probability of Leak Scenarios 

 

Since each type of pipeline can have multiple types of leaks, the relative 

likelihood of each leak scenario has to be estimated for each type of pipeline to model 
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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 5.2 is 

proposed for the five leak scenarios associated with various types of pipelines.   

 

Table 5.2 shows that for segmented pipelines, such as cast iron, ductile iron, 

riveted steel, and jointed concrete pipes, more weight is placed on the leak scenarios 

associated with joint looseness or separation, and less weight is placed on longitudinal 

cracks, local tear of pipe wall, and corrosion-related leaks.  This is consistent with 

field observation after earthquakes that joints are the most vulnerable parts of 

segmented pipelines.  For CI pipelines, a round crack has slightly more weight than 

annular disengagement.  The riveted steel pipelines are more vulnerable to annular 

disengagement than longitudinal cracking because there is only one line of rivets 

along the pipe circumferential seam; in contrast, there are two rows of rivets along the 

longitudinal seam.  

 

It should be noted that the only leak scenario 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.  It is necessary, therefore, to discount the repair rate to 

20% when using the repair rate to estimate the number of leaks for steel pipeline 

performance simulation after earthquakes.  As more field data become available, the 

probabilities shown in Table 5.2 can be refined. 
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Table 5.2  Probability of Leak Scenarios for Different Types of Pipelines 

Pipe 
Material 

Scenario 1      
Annular 

Disengagement

Scenario 2   
Round 
Crack 

Scenario 3    
Longitudinal 

Crack 

Scenario 4     
Local Loss 

of Pipe Wall 

Scenario 5  
Local 

Tear of 
Pipe Wall 

Cast 
Iron 0.3 0.5 0.1 0.1 N/A1 

Ductile 
Iron 0.8 N/A1 0.1 0.1 N/A1 

Riveted 
Steel 0.6 N/A1 0.3 0.1 N/A1 

Welded 
Steel N/A1 N/A1 N/A1 N/A1 1.0 

Jointed 
Concrete 1.0 N/A1 N/A1 N/A1 N/A1 

1: Not Applicable 

 

5.5 PIPE BREAK SIMULATION 

 

Following the definition of pipe breaks used in this study, a break is a complete 

disconnection of the original pipeline.  Water can flow from the two broken ends into 

the surrounding soil.  Figure 5.23 shows the hydraulic model of a pipe break, in which 

the original pipeline is disconnected at the location of the break, and each of the 

broken ends is open to the atmosphere, which is simulated by an empty reservoir.  

Similar to the simulation technique for a pipe leak, a minor loss coefficient of 1 and a 

check valve are added to each broken end to represent the energy loss and to prevent 

water from flowing back into the broken pipeline.  

 

5.6 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 in  the  network.  Hydraulic  
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Figure 5.23  Hydraulic Model for Pipe Break 

 

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 both deterministically and probabilistically. 

 

5.6.1 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 5.4 

and 5.23, respectively.  The deterministic implementation can be used to simulate the 

performance of a water supply system under a specific damage scenario.  

 

5.6.2 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, bkP , given that damage occurs.  In addition, the 

Hydraulic Model 

Pipe Break 

Empty 
Reservoir 

Check 
Valve 

Empty 
Reservoir 

Check 
Valve 
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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.  

 

5.6.2.1 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).   

 

For a Poisson process with a mean arrival rate RR, let L1 be the first location of 

damage, which is measured from the upstream node of the pipeline along its 

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

damage.  The {L1, L2,···, Lk,···} is called the sequence of interarrival distances in 

Poisson processes (Sheldon, 2000).  The actual distance of the kth location of damage 

measured from the pipe upstream node is the cumulative distance from L1 to Lk.  For 

instance, if L1 = 0.1L and L2 = 0.5L, where L is the length of the original pipeline, then 

the first location of damage occurs at 0.1 time of pipe length measured from the pipe 

upstream node, and the second location of damage occurs at 0.1 + 0.5 = 0.6 time of 

pipe length.   

 

The L1, L2, ···, Lk 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 
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)1ln(1
1u

RR
Lk −−=                                            (5.28) 

 

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

generating the interarrival distance Lk repeatedly until the cumulative length exceeds 

the pipe length, L, it is able to determine the locations of damage in the pipeline.  

Figure 5.24 provides an illustration of the pipe damage generation.  In this example, 

three locations of damage are generated at A, B and C, respectively, in the pipeline, 

because the cumulative length of the fourth location of damage exceeds the pipe 

length.   

 

5.6.2.2 Deciding on Damage State 

 

After generating pipe damage for each location of damage, a uniformly 

distributed random number 2μ over (0, 1) is generated and compared with the 

conditional probability of pipe break, bkP , given that damage occurs.  The damage is 

treated as a break if 2μ exceeds bkP , and a leak otherwise.  

 

5.6.2.3 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 5.4.4.  The 

probabilities of each type of leak, corresponding to various types of pipeline, are listed 

in Table 5.2.  To determine the type of each leak, a uniformly distributed random 

number, 3μ , over (0, 1) is generated and compared with the cumulative probability of 

the leak types associated with the pipeline.  For example, the probability that a leak in 
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Figure 5.24  Poisson Process for Pipe Damage Generation 

 

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 scenario, the EOA and EOD 

can be calculated for each leak.   

` 

LL11  LL33 
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L1, L2, L3, and L4 are Interarrival Lengths 
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CHAPTER 6 

 

MULTI-SCALE TECHNIQUE FOR WATER SUPPLY SYSTEM 

MODELING 

 

6.1 INTRODUCTION 

 

As described in Chapter 3, most previous simulations of the earthquake 

performance of water supply systems have either focused on small systems, such as 

the San Francisco Auxiliary Water Supply System (Khater and Grigoriu, 1989; 

Markov et al., 1994), or modeled larger systems by representing only the largest 

diameter pipelines (Ballantyne et al., 1990). 

 

Khater and Waisman (1999) proposed an approach for simulating a large water 

supply system.  In their approach, the system response is simulated using a simplified 

hydraulic network model that only includes large diameter pipelines and replaces 

small diameter pipelines with demand nodes.  They also performed hydraulic analyses 

that reflected the earthquake-induced breaks in small diameter pipelines using Monte 

Carlo simulation procedures.  The hydraulic analysis results were then applied to 

assess system serviceability with the simplified hydraulic network model and 

associated demands. 

 

This chapter describes a multi-scale technique for modeling large water supply 

systems through application to the LADWP water supply system.  The technique uses 

a system-wide trunk line model, which includes large diameter trunk lines, and 
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replaces small diameter distribution lines with demand nodes.  The earthquake 

demands at nodes in the trunk system 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, such as peak ground velocity and 

permanent ground deformation.  The fragility curves are developed on the basis of 

distribution network simulations.   

 

Following the introduction, the multi-scale modeling technique is explained 

with a simple example in Section 6.2.  Section 6.3 provides a description of the 

LADWP water supply system, including the trunk and distribution network models 

used in this study.  Section 6.4 describes the LADWP distribution network simulations, 

which provide fragility curves for assessing earthquake demands at nodes in the trunk 

system.  Monte Carlo simulation procedures and results are presented.  Fragility 

curves are developed based on the Monte Carlo simulation results.  The fragility 

curves are then tested by an independent distribution network.  Two appendices, 

Appendices A and B, showing the details of the LADWP distribution network models 

and the Monte Carlo simulation results, are presented at the end of this report. 

 

6.2 MULTI-SCALE MODELING TECHNIQUE  

 

Water supply systems are characterized by broad coverage and a high level of 

detail.  The broad coverage is associated with 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 
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levels of complexity to each part, and integrate the decoupled analyses to show system 

performance. 

 

This decoupling technique is illustrated using the simple water supply system 

shown in Figure 6.1, in which water flows from the reservoir R through large diameter 

pipelines RO, OA, and AB, and is distributed in local communities a and b through 

small diameter pipelines.  All demand nodes in the system are shown as small black 

dots.  The large diameter pipelines in the water supply system are trunk lines that 

serve as the backbone of the system by transporting water from sources to local areas.  

In contrast, small diameter pipelines are distribution lines, which receive water from 

trunk lines and distribute it to customers.   

 

Figure 6.2 shows the multi-scale models for the system, which is decoupled 

into a trunk line system and two distribution systems.  In the trunk line system, 

distribution networks a and b are replaced with demand nodes RA and RB.  The 

demands at nodes RA and RB are aggregated demands from local distribution 

networks a and b, respectively.  The trunk line model has broad coverage but with 

reduced level of detail.  In the distribution networks a and b, water sources from the 

trunk lines are modeled as virtual reservoirs VRA and VRB, which have the same 

hydraulic grades as those at locations A and B in the original system, respectively.  

These distribution models have a high level of detail.  Using multi-scale modeling, 

such as shown in Figure 6.2, a complex water supply system can be decoupled into 

several systems, which have manageable complexity.   

 

In general, a trunk line model can provide an overview of system response, but 

with  reduced  local  resolution.   A  trunk  line  model  is  potentially  well  suited  for  
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Figure 6.1  Example of a Simple Water Supply System 

  

 

 

 

 

 

a)  Trunk Model  

 

 

 

 

 

 

b) Distribution Models  

Figure 6.2  Multi-Scale Models for a Simple Water Supply System 
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planning and operational assessments that help to identify the effects of major 

component disruption and prioritize limited resources for emergency response and 

system restoration.  Earthquake simulation results from this model are also suited for 

economic impact evaluation that focuses on the business disruption consequences of 

water loss to distribution areas.  In contrast, distribution models provide high 

resolution locally.  These models are suitable for impact assessments related to 

specific communities and fire flow simulation.  

 

A trunk line model can give an accurate prediction of flows and pressures in 

the trunk system if the nodal demands can be simulated accurately.  These demands 

represent the aggregated demands from the downstream distribution systems.  In 

normal operations, the demands from the distribution network are known values that 

are relatively easy to simulate.  The demands are much more difficult to simulate 

during earthquakes.   

 

The earthquake demands are related to distribution network damage.  A 

generic parameter to quantify distribution network damage is repair rate, expressed as 

repairs per unit length of pipeline.  The repair rate is, in turn, correlated with seismic 

hazards, such as peak ground velocity or permanent ground deformation.  A rational 

approach is to correlate earthquake demand to repair rate in the distribution network.  

Seismic hazards are probabilistic in nature.  To consider the uncertainties associated 

with seismic damage to distribution networks, Monte Carlo simulations are performed, 

and earthquake demands are simulated by fragility curves relating demand to repair 

rate.   
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6.3 LADWP SYSTEM AND MODEL DESCRIPTIONS 

 

The multi-scale modeling technique is applied to the earthquake simulation of 

the LADWP water supply system.  This section provides a brief description of the 

LADWP system, including the trunk and distribution network models.  

 

6.3.1 LADWP Water Supply System 

 

The LADWP water supply system serves the highly-populated Los Angeles 

area.  The LADWP system, as shown in Figure 6.3, consists of more than 12,000 km 

of pipelines, serving 660,000 customers who compromise 3.8 million people in a 

service area of approximately 1,200 km2 (LADWP, 2003).  The water consumption of 

the LADWP system in a typical summer and winter day is about 2.50 and 1.21 million 

m3 (660 and 320 million gallons), respectively.  The system has three sources to meet 

its water demands: local groundwater basins, the First and Second Los Angeles 

Aqueducts (FLAA and SLAA, respectively), and transmission pipelines and tunnels of 

the Metropolitan Water District (MWD).  Water from MWD is provided mainly by the 

State Water Project - West Branch, and delivered through the Foothill Feeder to Los 

Angeles.  Normally, FLAA, SLAA and MWD sources account for roughly 85% of the 

total water supply, and the local groundwater wells make up the other 15%.  Raw 

water from FLAA, SLAA and the Foothill Feeder is treated in the Van Norman 

Complex, located in the northern part of San Fernando Valley.  The treated water then 

flows from north to south, primarily driven by gravity.   

 

The LADWP system can be divided into 13 subsystems: Granada Hills (GH), 

Foothills (FH),  Sunland/Tujunga (ST),  Valley Floor (VF),  Encino Hills (EH),  Santa  
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Monica Mountains (SM), Hollywood Hills (HH), Westside (WS), Santa Ynez  (SY), 

Mountain Washington (MW), Highland Park (HP), Central City (CC), and Harbor (H).  

Among the 13 subsystems, the VF and CC are the two largest, serving the heavily 

populated San Fernando Valley and Los Angeles central city.  The other 11 

subsystems are distributed around these two large subsystems.  To accommodate 

elevation variations and keep water pressure at acceptable levels, each subsystem is 

further divided into several pressure zones.  In total, the LADWP system includes 106 

pressure zones.  The pressure zone is named after the highest hydraulic grade, the sum 

of elevation and pressure heads, in the zone.  For example, pressure zone 1000 means 

the highest hydraulic grade in this zone is 1000 ft (330 m). Wang (2006) provides a 

detailed description of the LADWP water supply system. 

 

6.3.2 LADWP Trunk System Model 

 

To simulate system response under different operational scenarios, LADWP 

developed a system-wide hydraulic network model.  This model is used for planning 

and operational purposes by LADWP and works with the software H2ONET 

(LADWP, 2002), which is a member of the EPANET family.  The major features of 

H2ONET are discussed in Section 2.6.2.  The H2ONET hydraulic network model is 

shown in Figure 6.4.  It includes 2186 km of pipelines with diameters generally larger 

than or equal to 300 mm (12 in.).  Some smaller diameter distribution lines are also 

included in the model.  The remaining 9800 km of distribution lines are modeled as 

demand nodes shown as yellow dots in Figure 6.4.  The network also includes 230 

regulator stations, 110 tanks and reservoirs, 151 local groundwater wells, and 73 pump 

stations.  There are 591 valves set to control water flow and pressure in the 230 

regulator stations, including 498 pressure reducing valves, 45 flow control valves, 50 
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throttle control valves, and 8 user defined valves.  In general, multiple valves are set in 

one regulator station to either control water flows in different pipes or serve as standby 

valves to increase the reliability of the regulator station.  There are 284 pumps at the 

73 pump stations.  Each local groundwater well is equipped with a pump for extracting 

water.   

 

Six different sets of demand are defined in the database, which are demands 

for a typical winter day, a typical summer day, an ultimate summer day, the 1998 

maximum day, a historical maximum day, and an ultimate maximum day.  These 

demand sets are defined by LADWP for planning and operational purposes. 

 

This trunk system model is able to simulate performance throughout the 

LADWP system or parts of the system, such as the 6 subsystems (subsystem VF, GH, 

FH, EH, ST, and SM) in the San Fernando Valley.  When modeling part of the system, 

some virtual components are added to model other parts of the network that are 

outside the model in terms of input-output relationships.  For example, if the part of 

system being modeled supplies water to other parts of the system, then a virtual 

demand is added at the boundary of the model to represent water outflow.   

 

6.3.3 LADWP Distribution System Models 

 

In addition to the trunk system model, LADWP developed roughly 30 

distribution system models.  These local distribution models are pressure zone based.  

For relatively large pressure zones, they are modeled as one distribution network 

model.  For relatively small pressure zones, they are combined into one distribution 

network model.  The smallest diameters of pipelines in these distribution network 
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models are 100 (4) and 150 mm (6 in.).  The majority of pipelines in the distribution 

networks has diameters smaller than or equal to 300 mm (12 in.).  Appendix A 

provides a pie chart showing the pipe diameter distribution of each distribution 

network. 

 

Six representative distribution network models were obtained from LADWP.  

Five of them, systems 1449, 1000, 579, 448 & 462, and 426 were used to develop 

fragility curves for earthquake demand simulations.  Fragility curves developed from 

Monte Carlo simulations from the five distribution networks were used to predict 

performance in the sixth distribution network, and the prediction was compared with 

the results of simulations performed explicitly with the hydraulic model for the sixth 

network. 

 

A map showing the locations of the six distribution systems is provided in 

Figure 6.5.  The distribution systems 1449, 1000, 579, and 205 cover the pressure 

zones 1449, 1000, 579, and 205, respectively.  System 448 & 462 combines the two 

pressure zones, 448 and 462, because they are located close to each other.  System 426 

includes pressure zone 426 and the two small zones, 405 and 420.  Appendix A 

provides an expanded view of each distribution network.   

 

The five distribution systems used to develop the fragility curves were 

carefully selected from the 30 distribution system models developed by LADWP 

according to the following criteria: 1) widely distributed throughout the LADWP area, 

2) representative of different network topologies, 3) representative of different 

pressure levels, and 4) reasonable size.  System 1449 is located in the hillside area in 

the northeast of San Fernando Valley with a very high mean pressure of 820 kPa (119  
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Figure 6.5  Locations of the Six LADWP Distribution Systems 
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psi).  System 1000 is located in a flat area in the southern San Fernando Valley with a 

mean pressure of 786 kPa (114 psi).  Systems 579 and 448 & 462 are located in the 

northeast portion of the Los Angeles central city with half hillside and flat areas and a 

mean pressure of 655 (95) and 572 kPa (83 psi), respectively.  System 426 is located 

in the flat area in the northwest portion of the Los Angeles central city with a 427 kPa 

(62 psi) mean pressure.  The mean pressures of the five distribution networks range 

from 427 (62) to 820 kPa (119 psi), which approximately covers the range of the mean 

pressures in the entire LADWP system.  In general, there are 130 to 200 km of 

pipelines in each distribution network model.   

 

6.4 DISTRIBUTION NETWORK SIMULATIONS 

 

This section focuses on distribution network simulations and the development 

of fragility curves for the assessment of earthquake demands in the trunk line model. 

 

6.4.1 Simulation Procedures 

 

The distribution network models include a limited number of large diameter 

trunk lines as well as many small diameter distribution lines.  In distribution system 

simulations, pipe damage is evaluated only in the distribution lines since the trunk line 

damage is accounted for explicitly in the trunk system model.  This simulation 

technique decouples damage to trunk and distribution systems.  This decoupling 

technique slightly overestimates water loss due to simultaneous damage in both the 

trunk and distribution systems because water losses from distribution pipeline damage 

are not diminished by trunk line losses.  This modeling approach therefore provides a 

conservative assessment of system serviceability.  The conservatism is limited because 
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damage in the trunk system is relatively infrequent due to the comparatively small 

number of trunk lines in the distribution network models. 

 

The distribution network simulations are performed by GIRAFFE, standing for 

Graphical Iterative Response Analysis for Flow Following Earthquakes.  GIRAFFE is 

a hydraulic network analysis software package, equipped with the algorithms for 

negative pressure treatment and pipeline damage simulation, described in Chapters 3 

and 5.  The general procedure for simulations using GIRAFFE is to represent system 

damage first, then solve for flow and pressure conditions in the damaged system, 

followed by the iterative negative pressure elimination process.  The salient features of 

GIRAFFE are described in Chapter 7.   

 

To simulate the distribution system damage, all distribution lines are assumed 

to have an identical mean repair rate because the distribution model covers a relatively 

small area in which the spatial variability of seismic hazard parameters is limited.  The 

locations of damage are generated using Monte Carlo simulations, as described in 

Section 5.6.2. 

 

Pipeline damage is classified as breaks or leaks using the assumption adopted 

in HAZUS (NIBS, 1997) that 80% of earthquake damage occurs as leaks and 20% 

occurs as breaks under the transient ground deformation effects.  These percentages 

are close to those applied by Ballantyne et al. (1990) and Hwang et al. (1998), who 

assumed 15% is breaks and 85% is leaks for PGV-related damage to cast iron 

pipelines.   
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To decide on the leak orifice area for leakage simulation, pipe material 

information is needed.  The LADWP distribution system database developed at 

Cornell University was used for this information.  The Cornell database was 

developed by digitizing analogue maps of the LADWP system, which includes 

roughly 11,000 km of distribution lines.  Toprak (1999) and Jeon (2002) provide a 

detailed description of the database.  The statistics on pipeline composition show that 

the majority of distribution lines are composed of cast iron.  The percentage of cast 

iron pipelines for distribution networks 1449, 1000, 579, 448 & 462, and 426, is 82%, 

91%, 88%, 85%, and 83%, respectively.  To simplify the simulation, it is assumed all 

distribution pipelines are composed of cast iron.  Linear regressions between 

earthquake-induced pipeline repair rates and various seismic hazards including PGV 

(O’Rourke and Toprak, 1997; Jeon and O’Rourke, 2005) for different types of 

pipelines, show that the regressions for cast iron pipelines provide, in general, a 

relationship that is consistent and slightly conservative with respect to those of other 

distribution lines. 

 

For cast iron pipelines, four leak scenarios are possible, which are annular 

disengagement, round crack, longitudinal crack, and local loss of pipe wall.  The 

relative percentages of the four leak scenarios are 30%, 50%, 10%, and 10%, 

respectively, as described in Chapter 5.  For each leak, a uniformly distributed random 

number between 0 and 1 is generated.  If the random variable is within 0 to 0.3, the 

leak is assigned as an annular disengagement; 0.3 to 0.8, round crack; 0.8 to 0.9, 

longitudinal crack; and 0.9 to 1, local loss of pipe wall.  The equivalent leak orifice 

area is calculated using the equations developed in Section 5.4.4 and the damage to 

each pipe is then added into the network. 
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Hydraulic network analysis was performed for the damaged system using 

GIRAFFE, which uses the EPANET engine to solve flow equations with the iterative 

approach, described in Chapter 3, to eliminate negative pressures.  Flows in 

representative trunk lines before and after damage to distribution lines were monitored, 

and the flows after damage were normalized with respect to those before damage.  

Because hydraulic network analysis solves the continuity equation with nodal 

demands as input parameters, it is unable to track directly the variation of nodal 

demands during the simulation.  Flows in trunk lines were therefore used as a proxy 

for the demands because water in the trunk lines is directly related to the nodal 

demands.  The monitored flows in each distribution network are shown in Appendix A. 

 

6.4.2 Simulation Results 

 

Monte Carlo simulations were performed for repair rates (RRs) ranging from 

0.02 to 100.  It is of no practical significance to model pipeline damage with an RR 

lower than 0.02, which means, on average, one location of damage in 50 km of 

pipelines.  Previous research (Jeon, 2002) shows that RR equal to 1 repair/km provides 

an approximate upper bound for the PGV-related damage to buried pipelines.  RR of 1 

to 100 repairs/km represents a level of damage that exceeds most levels of earthquake 

related pipeline damage, except for those in areas of very large, highly localized 

permanent ground deformation. 

 

Figures 6.6 and 6.7 show simulation results of normalized demand (ND) vs RR 

corresponding to different RR ranges for Pipes 9 and 5 in distribution network 1449.  

Normalized demand is defined as the ratio of demand from a distribution network after 

damage to demand before damage.  These figures show that the relationships between  
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c) RR Ranging from 0 to 100 Repairs/km 

Figure 6.6  ND vs. RR Relationship for Various Damage States for Pipe 9  
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c) RR Ranging from 0 to 100 Repairs/km 

Figure 6.7  ND vs. RR Relationship for Various Damage States for Pipe 5  
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ND and RR follow increasing trends to RR of roughly 2 repairs/km, above which a 

change in performance can be discerned.  When RR values are 2 to 10 repairs/km, ND 

begins to separate into different trends.  At RR from 10 to 100 repairs/km, the system 

response follows a limited number of discrete trends, and in some cases ND drops to 

very low levels, which indicate that the system is severely damaged and not able to 

supply water in a reliable and stable way.  

 

Since RR equal to 1 repair/km provides an approximate upper bound for the 

PGV-related damage to buried pipelines, statistics were developed for simulation 

results with RR ranging from 0.02 to 1 repairs/km.  The number of Monte Carlo 

simulations was automatically determined by the GIRAFFE self-termination algorithm.  

GIRAFFE monitors the mean and coefficient of variation (COV) of ND, as the 

number of Monte Carlo simulations increases.  If the mean and COV of ND with 

additional simulations are within 2% difference when compared with those without 

additional simulations, GIRAFFE terminates the Monte Carlo simulations. 

 

Various types of regression functions were used to correlate ND and RR.  

Linear regressions were found to provide correlations with highest statistical 

significance between ND and RR.  The linear regressions between ND and RR for the 

26 monitored pipes for damage states with RR ranging from 0.02 to 1 repairs/km are 

presented in Appendix B.   

 

Figure 6.8 summarizes the linear regressions for the 26 locations in the five 

distribution networks where flows were monitored before and after the simulation of 

damage states.  Table 6.1 provides a summary for the pipelines that served as 

monitoring stations, including the ID (identification number) of the monitored pipeline 
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Figure 6.8  Relationship Between Normalized Demand and Repair Rate 

 

in the hydraulic network database, pipe diameter, original flow rate, as well as slope 

and intercept of the linear regression pertaining to each monitoring location.  The 

mean and standard deviation of the slopes and intercepts for the regressions associated 

with each distribution network, together with the mean pressure (MP) of that 

distribution network, are listed in Table 6.1.  The MP is the average of nodal pressures 

in the distribution network.  Water loss caused by pipe damage, including both leaks 

and breaks, is a function of pipe internal pressure.  The MP, therefore, is an important 

parameter for characterizing water loss in damaged pipeline networks.   

 

6.4.3 Fragility Curve Construction 

 

Since linear regressions provide the most statistically significant correlation 

between ND and RR, a linear function is proposed to relate ND to RR as 
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RRSIND *+=                                             (6.1) 

 

in which ND is the normalized demand, I and S are the intercept and slope of the 

regression, respectively, and RR is the repair rate.  The RR, in turn, is correlated with 

peak ground velocity.  Equation 6.1 relates the distribution network damage states to 

seismic hazard intensity, and provides the basis for generating fragility curves for 

distribution system performance. 

 

6.4.3.1 Observations  

 

Figure 6.8 and Table 6.1 show that there are significant differences among the 

different regressions.  In general, the regression lines from distribution systems with a 

relatively high MP are higher than those from distribution systems with a relatively 

low MP.  The highest regression lines are from System 1449, which has the highest 

MP of 820 kPa (119 psi).  The lowest regression lines are from System 448 & 462, 

which has the lowest MP = 427 kPa (62 psi).  The regression lines from other 

distribution systems lie between those with the highest and lowest MPs and increase 

with increasing MP. 

 

To show how ND varies as MP, the slope and intercept of the linear regression 

of ND vs RR for each monitoring location in each distribution network is plotted vs 

MP in Figures 6.9 and 6.10, respectively.  The intention of monitoring flows at 

specific locations throughout a distribution network is to estimate the expected 

demand of that distribution network on the trunk line system.  The expected nodal 

demand is estimated by determining the mean slope and intercept associated with the 

linear regressions of ND vs RR for the multiple sampling locations in each distribution  
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Figure 6.9  Regression Relationship Between Mean Pressure and Slope 
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Figure 6.10  Regression Relationship Between Mean Pressure and Intercept 
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network.  The mean slopes and intercepts are plotted vs MP in Figures 6.11 and 6.12, 

respectively.  The high r2 values associated with these plots show that the variation of 

the mean values, and hence estimate of nodal demands, is well explained by the 

regression equations. 

 

The variability of flows sampled at different locations should also be correlated 

with MP because higher pressures will tend to drive higher water losses in a damaged 

network.  To estimate the variability of the estimated NDs with respect to MP, the 

standard deviations of the slopes and intercepts associated with the ND vs RR 

regressions are plotted in Figures 6.13 and 6.14.  

 

6.4.3.2 Mean Regression with Noise Term 

 

In this section, a linear regression with a noise term is proposed to estimate the 

slope and intercept of ND vs RR relationship.  The mean slope and intercept are 

linearly correlated with MP, while a noise term is used to express the variability of the 

slope and intercept.  The noise term is modeled as a Gaussian random variable with 

zero mean and variance, which is correlated with MP. 

 

Using the mean regression with noise term, the slope, S, of the correlation 

between ND and RR, is estimated as 

 

),0(0248.0877.0),0( SS NMPNMPSSSIS σσ ++−=+×+=           (6.2) 

 

where SI and SS are the intercept and slope of the slope term, S, and ),0( SN σ  is a 

Gaussian  random  variable  with zero mean and standard deviation Sσ .  The values of 
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Figure 6.11  Regression Relationship Between Mean Pressure and Mean Slope 
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Figure 6.12  Regression Relationship Between Mean Pressure and Mean Intercept 
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Figure 6.13  Regression Relationship Between Mean Pressure and Standard Deviation 

of Slopes 
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Figure 6.14  Regression Relationship Between Mean Pressure and Standard Deviation 

of Intercepts 
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SI and SS are determined from the regression equation shown in Figure 6.11.  The 

value of sσ  is evaluated using the regression equation shown in Figure 6.13. 

 

3510.00094.0 −=×+= MPMPSSDISDSσ                           (6.3) 

 

where the ISD and SSD are the intercept and slope of the linear regression between the 

standard deviation of the slope term, S, and MP.  

 

Similarly, the intercept, I, of the correlation between ND and RR is estimated 

as 

),0(0036.09012.0),0( II NMPNMPISIII σσ ++=+×+=         (6.4) 

 

in which, II and IS are the intercept and slope of the intercept term, I, and ),0( IN σ  is  

a Gaussian random variable with zero mean and standard deviation of Iσ .  The values 

of II and IS are determined from the regression equation shown in Figure 6.12.  The 

value of Iσ  is evaluated using the regression equation shown in Figure 6.14 as 

  

0198.00015.0 −=×+= MPMPISDIIDIσ                              (6.5) 

 

where the IID and ISD are the intercept and slope of the linear regression between the 

standard deviation of the intercept term, I, and MP.  

 

Substituting Equations 6.2 to 6.5 into 6.1, ND can be estimated as a function of 

RR and MP with the following equation 
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Please note that all the above regressions are performed with MP in the units of 

psi.  When applying Equation 6.6 to predict NDs, the MP needs to be converted into 

the units of psi.  The MP is influenced by the physical and operational properties of 

the water supply network, and the RR is related to seismic hazard parameters.  

Equation 6.6 correlates the mean slope and intercept of ND vs RR regressions with MP, 

and characterizes the variability of slope and intercept.   

 

Statistically Equation 6.6 can provide an accurate prediction of mean NDs over 

a large area, and therefore may be more suitable for regional economic impact 

assessments.  With Equation 6.6, however, it is possible to underestimate ND, and 

therefore overestimate the serviceability, with 50% chance for each individual demand 

node.  This is because the variation of the slope and intercept, associated with the 

linear regression of ND vs RR, with respect to the mean value is simulated as a 

Gaussian random variable with 0 mean.  For each individual demand node, the 

predicted slope and intercept, and therefore ND, may be lower than their expected 

values with a probability of 0.5.  With the increase of the number of demand nodes, 

the average of slopes and intercepts, and therefore NDs, for all the nodes will 

converge to their expected values.   

 

It is useful to provide a conservative estimate of the NDs for emergency 

situation simulations, such as fire emergency response.  An appropriately conservative 

estimate may be taken at the 90% confidence level, as explained in the next subsection. 



204 
 

6.4.3.3 90% Confidence Level Regression 

 

In Equation 6.6, the parameters, II, IS, SI, SS, are mean estimates.  Using the 

26 locations, the confidence intervals of these parameters can be estimated.  The 

methodology for estimating the confidence intervals of the parameters of a linear 

regression from experimental data can be found in traditional text books on statistics 

(e.g., Ronald, et al., 1998) and the confidence intervals can be estimated using the 

Regression Function under the Data Analysis menu in Microsoft EXCEL.   

 

Selecting the Mean Pressure column in Table 6.1 as X and the Slope column in 

Table 6.1 as Y, the 90% confidence intervals of the regression parameters, SI and SS, 

for the slope term, S, are calculated as 

 

0347.001640.0 ≤≤ SS                                           (6.7) 

0514.08433.1 −≤≤− SI                                           (6.8) 

 

Similarly, the 90% confidence intervals of II and IS are calculated as 

 

0055.00010.0 ≤≤ IS                                             (6.9) 

1412.17017.0 ≤≤ II                                            (6.10) 

 

Because the purpose of using the confidence estimates is to provide a 

conservative estimate, the lower confidence estimates do not have practical 

significance.  Only the upper 90% confidence estimates are used.  The 90% 

confidence limit of the slope, S, can be estimated as 
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MPMPSSSIS ×+−=×+= 0347.00514.0                    (6.11) 

 

and the 90% confidence limit of the intercept, I, can be estimated as 

 

MPMPISIII ×+=×+= 0055.01412.1                         (6.12) 

 

Therefore, the 90% confidence level of ND as a function of RR and MP can be 

expressed as 

 

[ ] [ ]
( ) ( )RRMPMP

RRMPSSSIMPISII
RRSIND

0347.00514.00055.01412.1      
      

+−++=
××++×+=

×+=
          (6.13) 

 

6.4.4 Test of Fragility Curves 

 

To test the predictive capabilities of the fragility curves, they were used to 

predict performance of a sixth distribution network, and the predictions were 

compared with the results of simulations performed explicitly with the hydraulic 

model for the sixth network.  The sixth distribution network covers pressure zone 205 

in the LADWP system.  A map of this local distribution network superimposed on the 

trunk line network is shown in Appendix A.  The same Monte Carlo procedures as 

described in Section 6.4.1 were applied during the System 205 simulation.  The 

detailed simulation results are shown in Appendix B.   

 

The mean pressure of System 205 is 490 kPa (71 psi), as determined by 

averaging its nodal pressures in an undamaged state.  The mean and 90% confidence 

levels  of  the  ND vs RR  are  plotted in  Figure 6.15  by  substituting  the MP = 71 psi  
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Figure 6.15  Comparison Between Simulated and Predicted Results for Distribution 

System 205 

 

 (490 kPa) into Equations 6.6 and 6.13, respectively.  Furthermore, the lower bound of 

ND =1 is also shown in Figure 6.15 for reference.  The linear regressions of ND vs RR 

from simulation results at 6 monitoring locations are also plotted in Figure 6.15. 

 

Figure 6.15 shows that the simulation results lie between the mean and 90% 

confidence level predictions.  Although the simulation results plot above the mean 

regression, they all fall well within the 90% confidence level, suggesting that a 90% 

confidence margin is appropriate for predicting local distribution network performance. 

 

The characteristics of System 205 deserve some commentary.  As shown in 

Figure 6.5, System 205 is at the end of the trunk line flow paths, and is the only 

network so located that was evaluated in this work.  Water flow cannot by-pass 
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damage in the System 205 pipelines that are downstream of all trunk line sources.  As 

a result, the flows and losses in System 205 tend to be relatively larger than those in 

distribution networks with both upstream and downstream trunk line interconnections.  

In addition, the percentage of distribution pipelines is larger in System 205 than in 

other local distribution networks studied because it has fewer trunk lines integrated 

within it.  This bias tends to generate additional break and leak locations in the local 

network, which affects a smaller aggregate length of trunk lines.  The ND, which is 

evaluated from monitoring points in the smaller length of trunk lines, will be weighted 

to reflect greater losses per level of repair rate.  
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CHAPTER 7  

 

EVALUATION OF NORTHRIDGE EARTHQUAKE 

PERFORMANCE  

 

7.1 INTRODUCTION 

 

 To implement the modeling methodology, as described in Chapters 3, 5, and 6, 

a software package, GIRAFFE, was developed for hydraulic network analyses of 

heavily damaged water supply systems.  GIRAFFE, standing for Graphical Iterative 

Response Analysis for Flow Following Earthquakes, has special features to treat 

negative pressures, simulate various levels of leakage, assess earthquake demand 

associated with distribution networks, and perform Monte Carlo simulations.  

 

To assess the capabilities of GIRAFFE, the response of the LADWP water 

supply to the Northridge earthquake is used to compare the actual measured flows in a 

heavily damaged system with earthquake simulation results.  To monitor network 

performance, the LADWP operates a Supervisory Control and Data Acquisition 

(SCADA) system.  The records of flow meters at key locations in the LADWP system 

before and after the Northridge earthquake were collected and compared with the 

GIRAFFE simulation results. 

 

This chapter starts with a description of the software package GIRAFFE.  It 

then proceeds to the observed performance of the LADWP system during the 1994 

Northridge earthquake, followed by the GIRAFFE simulation of the LADWP system 
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response to the Northridge earthquake, and comparisons between simulated and 

observed performance.   

 

7.2 GIRAFFE 

 

  A software package, GIRAFFE, was developed to help implement the 

modeling approaches proposed in this study.  GIRAFFE embodies an iterative 

procedure for negative pressure elimination as described in Chapter 3, methods for 

simulating pipeline breaks and leaks as described in Chapter 5, and the simulation of 

earthquake demands associated with distribution networks as explained in Chapter 6.  

GIRAFFE involves over 7000 lines of C++ code and works iteratively with the 

EPANET hydraulic network analysis engine.  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. 

 

  A complete GIRAFFE package consists of an EPANET graphical user 

interface, an EPANET hydraulic analysis engine, and a GIRAFFE core code.  The 

GIRAFFE package includes six major modules, which are system definition, system 

modification, seismic damage, earthquake demand simulation, hydraulic network 

analysis, and compilation of results.  A flow chat of GIRAFFE simulation is shown in 

Figure 7.1.  The major functions of each module are introduced in the following 

sections.  

 

 

 

 



 

211 
 

 

Defining a water system 

Editing the water system 

Simulating earthquake demand 

Performing hydraulic 
analysis using EPANET 

Connectivity 
error?

Yes Modifying the 
water system 

Pi < Plimit exists 
for any node i? 

No 

Yes 

Assessing EPANET results 

No 

Compiling final results 

Figure 7.1  GIRAFFE Simulation Flow Chart 
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7.2.1 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.  The detailed information needed for defining a hydraulic 

network is described in Chapter 2.  GIRAFFE utilizes the graphical user interface of 

EPANET for network definition and visualization.  Users can refer to the EPANET 

manual (Rossman, 2000) for the details on how to define a hydraulic network.  The 

system definition information from the graphical user interface is stored in a data file 

with the format which can be read by EPANET engine.  Users can also work with 

other software packages, such as H2ONET, to define a hydraulic network and then 

export the system definition file into the EPANET format.  Because of the wide usage 

of EPANET engine, most of the commercial software packages for hydraulic network 

analysis can export their system definition files into the EPANET format.  The 

EPANET format serves as a common platform for data exchanges among different 

hydraulic network analysis software packages. 

 

7.2.2 System Modification 

 

 The system modification module is used to modify a hydraulic network to 

perform a specific simulation scenario.  Users can add or remove components and 

change the physical and operational properties of components in the hydraulic network 

model.  Users can modify the system graphically using the EPANET graphical user 

interface or modify the system definition data file directly.  
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7.2.3 System Damage 

 

  The damage module adds damage to pipelines.  Algorithms for damage to 

other components, such as tanks, pumps, and valves, can be incorporated in GIRAFFE  

because the architecture of the code allows for the addition of parallel damage 

characterization modules. 

 

  The detailed modeling methodology for pipe damage is described in Chapter 5.  

In general, a break or leak can be modeled.  For a pipe leak, there can be five different 

scenarios, which are annular disengagement, round crack, longitudinal crack, local 

loss of pipe wall, and local tear of pipe wall.  One pipe can have multiple breaks and 

leaks.  Two simulation options, deterministic and probabilistic, are provided for pipe 

damage.   

 

7.2.3.1 Deterministic Simulation 

 

The deterministic option allows users to specify the location of each break, and 

the location and orifice area of each leak.  The location of each break and leak is 

characterized by a unique pipe ID and a length ratio.  A length ratio is the relative 

length, between the pipe upstream node and the damage location, with respect to the 

pipe length.  Each pipe is connected to upstream and downstream nodes that have geo-

coordinates.  By knowing the pipe ID in which the damage occurs and the length ratio, 

one can locate damage precisely.  Multiple breaks or leaks in the same pipeline are 

distinguished by different length ratios.  All damage information is stored in an input 

text file.  The basic input parameters for a pipe break are the pipe ID and length ratio.  
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The basic input parameters for a pipe leak include the pipe ID, length ratio, and the 

equivalent orifice diameter. 

 

To model a pipe break, GIRAFFE modifies the system definition file by 

deleting the original pipe according to its unique pipe ID and adding two new pipes 

and two empty reservoirs following the method described in Section 5.5.   

 

To model a pipe leak, GIRAFFE modifies the system definition file by: 1) 

adding a new junction at the leak location to divide the original pipe into two new 

pipes; 2) adding an empty reservoir which has the same elevation as the leak location; 

3) and adding a new pipe with a length of 1 foot, roughness coefficient of 1,000,000, 

and minor loss coefficient of 1 to connect the newly added junction and reservoir.  The 

leak simulation method is described in Section 5.4.   

 

7.2.3.2 Probabilistic Simulation  

 

The probabilistic option generates randomly distributed pipe breaks and leaks 

according to repair rate, RR, pipe length, L, and conditional pipe break probability, 

bkP , given that damage occurs.  For each leak, the probabilistic simulation option 

randomly generates the scenario of each leak and calculates the orifice area.  The 

probabilistic simulation of pipe damage includes three steps: generating pipe damage, 

deciding the damage state as a leak or break, and deciding the scenario and orifice area 

of each leak.   

 

The basic input parameters for generating pipe damage are the mean repair rate, 

RR, and length, L, of each pipeline.  The repair rate, RR, is correlated with seismic 
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hazard parameters and is an input parameter for each pipe.  The length, L, of each pipe 

can be obtained from the hydraulic network database.  The pipe damage is assumed to 

follow a Poisson process with a mean arrival rate equal to mean repair rate, RR.  For a 

Poisson process, the arrival length between two locations of damage follows an 

exponential distribution.  By continually generating the damage arrival length using 

Monte Carlo simulation until the cumulative length of the damage exceeds the 

pipeline length, the locations of damage can be determined.  The detailed Monte Carlo 

simulation algorithm is described in Section 5.6.2.   

 

After generating the locations of damage for each pipeline, another uniformly 

distributed random number between 0 and 1 is generated for each location of damage.  

This random number is compared with the conditional pipe break probability, bkP .  If 

the uniformly distributed random number is greater than the pipe break probability, 

then the damage is classified as a leak, otherwise, it is a break.  The pipe break 

probability is an input parameter which is estimated from pipe damage data collected 

from previous earthquakes. 

 

To decide the leak orifice area, a uniformly distributed random number 

between 0 and 1 is generated for each leak.  This random number is compared with the 

cumulative probability of each leak scenario for a pipeline with specific material 

composition.  The probabilities of each leak scenario for various types of pipelines 

widely used in North American are listed in Table 5.2.  The equivalent orifice area for 

each leak is then calculated using equations developed in Section 5.4.4.   
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7.2.4 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 detailed modeling 

methodology for earthquake demand simulation is provided in Chapter 6.  

 

 The earthquake demand simulation is pressure zone based.  The basic input 

parameters are mean pressure (MP) and repair rate (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 hydraulic network analysis on the undamaged system and then conducting 

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 Section 7.3.3.2 for the Northridge earthquake case history simulation.  

 

 Two implementation options are provided in GIRAFFE, mean prediction with 

noise terms and 90% confidence level prediction.  With the input MP and RR for each 

demand node, GIRAFFE calculates the normalized demand using Equations 6.6 and 

6.13 for mean and 90% confidence level predictions, respectively.  The standard 

normal random variables in Equation 6.6 are generated by the computer.  GIRAFFE 
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then calculates the demands after the earthquake by multiplying the normalized 

demands with the original demands, and modifies the system definition file by 

replacing the original demands with the earthquake demands.  

 

7.2.5 Hydraulic Network Analysis 

 

This module uses the EPANET hydraulic network engine iteratively to solve 

the damaged hydraulic network and eliminate negative pressures.  Only steady state 

simulation is performed.  As shown in Figure 7.1, the damaged system is sent to 

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 ID 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 other operational 

parameters associated with the node and links.  After each step of elimination, 

GIRAFFE performs hydraulic network analysis again and this process continues until 

there is no pressure lower than the pressure limit in the system.  The reason to use a 

pressure limit instead of zero is to increase the flexibility of the program.  For 

example, it can be used to identify the areas with inadequate pressures for fire fighting 

by setting a pressure limit specified for fire fighting purposes. 
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7.2.6 Compilation of Results 

 

This module compiles the hydraulic analysis results into the format compatible 

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

 

7.2.6.1 Hydraulic Network Analysis Results 

 

The final hydraulic analysis results are compiled such that they can be linked 

to GIS.  Because in GIS, junctions, pipes, pumps, valves, and tanks are different layers 

which can be exported from the H2ONET LADWP model database, the hydraulic 

analysis results are compiled for these five types of elements.  Please note, reservoirs 

are treated as a special type of tanks which have fixed grade.  The major outputs for 

pipes, valves, and pumps are the flow rate through them.  The major outputs for 

junctions and tanks are the pressure and grade at them.  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 deterministic simulation, the outputs for the five types of components are reported.  

For probabilistic simulation, the outputs for the five types of components are reported 

for the last 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 of the flow rate in each 

pipe and pressure at each node for all Monte Carlo simulation runs are also calculated 

and reported. 
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7.2.6.2 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,   

 

*
T

T
s Q

QS =                                                       (7.1) 

 

where sS is the serviceability, TQ is the available demand, and *
TQ  is the required 

demand.  The serviceability can be calculated for each demand node and for the entire 

system.  For 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 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, standard deviation, and 

coefficient of variation of the nodal and system serviceability for all Monte Carlo 

simulation runs are also calculated and reported. 

 

7.3 GIRAFFE SIMULATION OF NORTHRIDGE EARTHQUAKE 

PERFORMANCE 

 

To assess the capabilities of GIRAFFE, it was used to simulate the earthquake 

response of the LADWP system to the Northridge earthquake.  The water outages and 
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flows at key locations, simulated by GIRAFFE, were compared with the documented 

water outages and flows measured by LADWP before and after the earthquake. 

 

7.3.1 LADWP System Performance during Northridge Earthquake 

 

The Northridge earthquake (Mw=6.7) struck Los Angeles at 4:30 a.m. local 

time on January 17, 1994.  The damage to water supply systems during the Northridge 

earthquake is among the most extensive experienced in U.S. history, and is 

comparable to the damage sustained during the 1906 San Francisco and 1971 San 

Fernando earthquakes.  The Northridge earthquake damaged 82 locations (Davis, 2003) 

in trunk lines (pipe diameter ≥ 610 mm, 24 in.) and 1013 locations (Jeon, 2002) in 

distribution lines (pipe diameter < 610 mm, 24 in.) in the LADWP system.  Among 

the 82 trunk line repairs, 70 occurred in the LADWP trunk lines and 12 occurred in the 

trunk lines operated by Metropolitan Water District (MWD).  The MWD trunk lines 

are embedded in the LADWP system and do not supply water to the LADWP system 

normally.  Five water tanks in the LADWP system were also damaged.  

Approximately 15% of the population in Los Angeles was subjected to water outages, 

ranging from 1 to 7 days.  Figure 7.2 shows the spatial distribution of the trunk line 

repairs, distribution repairs (Jeon and O’Rourke, 2005), damaged tanks (Brown, et al., 

1995), and water outage areas (Lund et al., 2005) after the earthquake.  Most locations 

of the component damage and subsequent water outage areas were in San Fernando 

Valley.  The cost to repair the LADWP water supply system was about $44 million 

(Eguchi and Chung, 1995; Tierney, 1997).  The detailed performance of the LADWP 

system during the Northridge earthquake is documented by Lund and Cooper (1995).   
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Figure 7.2  LADWP Damaged Tanks, Trunk and Distribution Line Repairs, and Water 

Outage Areas after the Northridge Earthquake 
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7.3.2 LADWP Hydraulic Model for Northridge Earthquake 

 

The multi-scale modeling technique developed in Chapter 6 is applied to 

simulate the LADWP water supply response to the Northridge earthquake.  This 

technique simulates the trunk system response explicitly and simulates the distribution 

system response implicitly by increasing nodal demands in the trunk system.  The 

LADWP system and the system-wide trunk system hydraulic model are described in 

Sections 6.3.1 and 6.3.2, respectively.  Figure 7.2 shows that more than 95% of trunk 

line repairs, 80% of distribution repairs, all damaged tanks, and all water outages 

occurred in San Fernando Valley.  To simplify the simulation, only the response of the 

LADWP system in San Fernando Valley, or northern half of the system, is simulated 

explicitly.  This southern half of the system is simulated as boundary conditions.  

 

The northern half of the system consists of six subsystems: Granada Hills (GH), 

Foothills (FH), Sunland/Tujunga (ST), Valley Floor (VF), Encino Hills (EH), and 

Santa Monica Mountains (SM).  The hydraulic model for these six subsystems is 

called the Valley-Six submodel shown in Figure 7.3.  The Valley-Six submodel 

consists of 4674 links and 3878 nodes to model the 967 km of pipelines, 76 regulator 

stations, 51 pump stations, 72 tanks and reservoirs, and 140 local groundwater wells.  

There are 188 valves in the 76 regulator stations and 167 pumps in the 51 pump 

stations.  Each local groundwater well is equipped with a pump for extracting water.   

 

There are 441 demand nodes distributed around the northern half of the system.  

The majority of nodal demands are smaller than 63 liters per second (1000 gpm), 

which are mostly consumed by local residents.  A few nodal demands are higher than 

63 liters per second (1000 gpm), and they are mainly related to industry usage.  Three 
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Figure 7.3  LADWP Hydraulic Model for Northridge Earthquake Simulation 

(1000 gpm = 63 L/s) 

 

nodes, indicated as big red dots at Stone Canyon Reservoir Inlet, Upper Franklin 

Reservoir Inflow, and River Supply Conduit in Figure 7.3, have a demand larger than 

630 liters per second (10,000 gpm), which are virtual demands representing water 

flow to the southern half of the system.  Another connection between the Valley-Six 

submodel and the southern half of the system is the Upper Hollywood Reservoir 

Inflow, which is modeled as a virtual tank, representing water transportation to and 

from the Upper Hollywood Reservoir.  These virtual elements serve as the boundary 

conditions for the Valley-Six submodel.  The response of the Valley-Six subsystem 

can be simulated after setting boundary conditions.  
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7.3.3 Damage Simulation 

 

 To simulate the response of the Valley-Six subsystem, the damage to 

components needs to be added into the model, followed by hydraulic network analysis 

using GIRAFFE.  The damage simulation is discussed in the following sections. 

 

7.3.3.1 Trunk Line Damage  

 

Because the MWD trunk lines did not supply water to the LADWP customers 

during the Northridge earthquake, the 12 locations of damage in the MWD trunk lines 

were not simulated. Among the 70 locations of LADWP trunk line damage, 67 are in 

the trunk lines in the Valley-Six hydraulic model.  One location is in the southern half 

of the LADWP system.  The other two locations are in the trunk lines, which are not 

included in the hydraulic network model.  These three locations were not simulated.  

 

The detailed simulations of the 66 locations of LADWP trunk line damage are 

described in Appendix C.  In total, three breaks, in the Granada Trunk Line (GTL), 

Rinaldi Trunk Line (RTL), and LA City Trunk Line, respectively, and 26 leaks were 

simulated.  The leaks were classified into five scenarios based on the damage 

descriptions in Tables C1 to C5.  The opening area of each leak was calculated using 

the equations developed in Section 5.4.4.  Multiple leaks, which are located close to 

each other in the same pipeline, were simulated as one leak with an appropriately 

increased orifice area.  Leaks and breaks, which are located close to each other in the 

same pipeline, were simulated as one break by disconnecting the pipeline completely. 
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7.3.3.2 Distribution Line Damage 

 

Distribution lines account for the highest proportion of components in the 

LADWP system, and suffered the most extensive damage during the 1994 Northridge 

earthquake.  A comprehensive GIS database, including information on distribution 

pipeline length, composition, size, and repairs after the Northridge earthquake, was 

developed by O’Rourke and Toprak (1997), O’Rourke et al. (1996), and Toprak 

(1999).  The total length of the LADWP distribution lines is about 10,750 km with 

72% composed of cast iron.  Most pipelines have a diameter of 150 mm (46%) or 200 

mm (27%).  There were 1,405 original repair records provided by LADWP.  After a 

careful evaluation of them, it was determined that 1,013 records were valid for damage 

to distribution mains.  It was further found that only 944 out of 1,013 repairs have pipe 

composition and geodetic coordinates.  The 944 repairs were used to develop the 

regression relationships between RR and PGV for pipelines composed of different 

materials.  The procedures for developing the regressions are provided by Jeon (2002).  

These regressions can be used to estimate the damage to distribution lines in future 

earthquakes. 

 

Since distribution lines are not modeled explicitly in the LADWP trunk model, 

it is not able to model damage to distribution lines directly.  To include the effects of 

damage to distribution lines, the method developed in Chapter 6 is applied, in which 

the distribution damage was implicitly modeled as increased demands at nodes in the 

trunk system.  To apply this method, the PGV contours, developed by Jeon (2002) 

using the PGV recordings collected at 148 strong motion stations after the Northridge 

earthquake, were used to obtain the PGV associated with each demand node.  The 

detailed procedures for generating the PGV contours are described by Jeon (2002).  
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When the PGV contour GIS and demand node GIS combined, the PGV in association 

with each demand was determined.  This PGV represents the PGV for the distribution 

network around the demand node.  The distribution network RR was then calculated 

based on the linear regression relationship for cast iron pipelines developed by Jeon 

(2002)  

 

81.6)(21.1)( −= PGVLnRRLn                                    (7.2) 

 

Hydraulic network analysis was performed on the trunk model prior to 

earthquake damage.  The pressure was summarized for nodes in each pressure zone 

and the mean pressure, MP, was calculated.  The MP was assigned to each demand 

node within the pressure zone.  With the known mean pressure, MP, and repair rate, 

RR, the normalized demand was calculated by 

 

( ) ( )
( ) ( ) RRMPMP

RRMPSSSIMPISII
RRSIND
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××++×+=

×+=

0248.0877.00036.09012.0      
           (7.3) 

 

where all the symbols have the same meaning as those used in Equation 6.6 in Section 

6.4.3.2.  In contrast to Equation 6.6, which includes a noise term for slope, S, and 

intercept, I, respectively, to model the uncertainties associated with normalized 

demands, Equation 7.3 is deterministic for the Northridge earthquake scenario.  

 

The distribution of normalized demands is shown in Figure 7.4.  This figure 

shows that the demands increase by 1 to 2.8 times the customer demand due to 

damage to distribution lines during the Northridge earthquake.  The nodes with the 

highest normalized demand are located in the Van  Norman  Complex area,  where the  
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Figure 7.4  Normalized Demands of Valley-Six Subsystem after Northridge 

Earthquake 
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PGVs are the highest.  In general, the normalized demands in mountainous areas are 

higher than those in flat areas because the pipe internal pressure in mountainous areas 

is higher than that in flat areas.  The high variation of elevations in the mountainous 

areas requires a high overall pressure to supply customers at multiple locations.  

 

7.3.3.3 Tank Damage 

 

In general, reservoirs and water tanks performed well during the Northridge 

earthquake.  Brown et al. (1995) summarized the performance of 65 LADWP tanks in 

service at the time of earthquake (48 welded or riveted steel tanks and 17 reinforced 

concrete or prestressed concrete tanks).  Only 5 tanks were damaged.  The damaged 

tanks are indicated as pink symbols in Figure 7.5.  Roof collapse and inlet/outlet pipe 

damage occurred in the Coldwater Canyon, Beverly Glen, and Zelzah Tanks.  The 

Granada High Tank collapsed completely and was removed permanently from service 

after the earthquake.  Inlet/outlet pipe damage occurred to the Topanga Tank.  Since 

damage to all these tanks occurred to the inlet/outlet pipes, the inlet/outlet pipes were 

disconnected in the hydraulic network simulation of post-earthquake performance.  

The current LADWP trunk line model, which was used in this research, does not 

include the Granada High Tank, and therefore, it was not simulated.  

 

It was known through personal communications with LADWP engineers 

(Vargas, 2005; Adams, 2005) that the Kittridge Tanks (including the Kittridge Tank 

No 1 and 2) and De Soto Reservoir were depleted shortly after the earthquake.  The 

Kittridge Tanks are located along the western margin of San Fernando Valley and 

supplied by the GTL.   The  broken  section  of the GTL cut off the water source to the  
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Figure 7.5  LADWP Tanks and Reservoirs, and Damaged Tanks  

after Northridge Earthquake 

 

Kittridge Tanks and was not able to refill them for over one week after their depletion.  

The De Soto Reservoir is located along the northern margin of San Fernando Valley 

and supplied by the RTL.  The broken section of the RTL cut off the water source to 

the De Soto Reservoir.  The RTL was not able to refill the reservoir for over one week 

after its depletion.  Numerical simulation results showed that the Kittridge Tanks and 

De Soto Reservoir would be depleted in about 2 and 1 hours after the earthquake, 

respectively, if not refilled.  To include the effects of the depletion of the Kittridge 

Tanks and De Soto Reservoir, they were closed after the earthquake in the simulations. 
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7.3.3.4 Water-Electric Power Interaction 

 

The interaction between water and electric power was accounted for in the 

simulation.  The Northridge earthquake caused a system-wide blackout of the 

LADWP electric power system immediately after the earthquake, and it took from 1 to 

27 hours to restore power (LADWP, 1994).  The electric power outage affected the 

operation of pump stations directly.  The spatial distributions of pump stations and 

electricity outage time are shown in Figure 7.6.  A large portion of pump stations are 

located around the Santa Monica Mountains, where the electricity outage time was 

less than 8 hours.  A small portion of pump stations are located in San Fernando 

Valley, Granada Hills, Foothills, and Sunland/Tujunga, where the electricity outage 

lasted for 15-27 hours.  Generally, pump stations have diesel generators as backup 

power.  The performance of pump stations during previous natural disasters showed 

that the diesel generators were able to generate enough power for the operation of 

small pump stations, but not enough for large ones.  The largest pump station, Van 

Norman Pump Station No. 2, is located in the Van Norman Complex, where the 

electricity outage lasted for the longest time.  Accordingly, the Van Norman Pump 

Station No. 2 was turned off in the hydraulic network simulation of post-earthquake 

performance. 

 

7.3.4 SCADA Data 

 

To monitor network performance, the LADWP operates a Supervisory Control 

and Data Acquisition (SCADA) system.  The records of flow meters before and after 

the earthquake in the northern half of the system were collected and reviewed.  Due to 

the  earthquake  damage  and  electricity  outage,  some  of  the  SCADA  data  are  not  
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Figure 7.6  Superposition of Spatial Distribution of Electricity Outage Time and Pump 

Stations 
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reliable.  A screening process was, therefore, conducted before utilizing the SCADA 

data.  Two screening criteria were adopted to assure the quality of the data: 1) the 

meters indicating zero flow before and after the earthquake were considered to have 

malfunctioned or have been out of service; and 2) the meters with a maximum 

recorded flow smaller than 63 liters per second (1000 gpm) were not used because the 

flows in such lines are too small and too sensitive to local variations in predicted 

damage.  Records at 13 locations were selected and utilized for three major purposes: 

1) setting boundary conditions, 2) providing clues on system reconfiguration shortly 

after the earthquake; and 3) comparing monitored and simulated flows. 

 

7.3.4.1 Boundary Conditions 

 

The four flow meter records at the River Supply Conduit, Upper Hollywood 

Reservoir Inflow, Upper Franklin Reservoir Inflow, and Stone Canyon Reservoir Inlet, 

which are indicated as red circles in Figure 7.7, were used to set boundary conditions.  

The virtual demands at nodes for the River Supply Conduit, Upper Franklin Reservoir 

Inflow, and Stone Canyon Reservoir Inlet, representing flows to the southern half of 

the system, were recalibrated in accordance with the actual flow records at the three 

locations before and after the earthquake, respectively.  The virtual tank, Upper 

Hollywood Reservoir, was changed to a virtual demand node and its demand was 

calibrated in accordance with the actual flow records. 

 

7.3.4.2 System Reconfiguration  

 

Three flow meter records, at the LA City, Haskell, and Hayvenhurst Trunk 

Lines in the lower Van Norman Complex, respectively, as illustrated by green squares 
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Figure 7.7  System Damage and SCADA Flow Meters 

 

in Figure 7.7, were utilized to provide guidance on how the system was reconfigured 

shortly after the earthquake.  The three flow meter records showed that flows 

decreased to zero shortly after the earthquake, indicating that local damage had been 

isolated to curtail water losses.  The isolated section of the LA City Trunk Line is 

located upstream of its connection with the LA Reservoir Outlet, the main water 

source to the LA City Trunk Line. Therefore, the isolation had little impact on the 

water flow southward through the LA City Trunk Line.  
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7.3.4.3 Flow Comparison 

 

Six SCADA flow meters records at the LA Reservoir Outlet, Encino Reservoir 

outflow, Granada Trunk Line, Morella & Van Owen Regulator Station, Astoria Pump 

Station, and Green Verdugo Pump Station, respectively, were used to compare the 

measured flows and simulation results.  The flow meters are shown as yellow triangles 

in Figure 7.7. 

 

7.3.5 Simulation Results 

 

Since the Northridge earthquake occurred in January, a typical winter demand 

was applied in the simulation.  The Valley-Six hydraulic model was exported from 

H2ONET software and imported into GIRAFFE.  Component damage was then added 

into the network model and hydraulic network analysis was performed.  Figure 7.8 

shows the GIRAFFE simulation results, superimposed by the observed water outages 

(Lund et al., 2005).  The original no-flow pipes in the intact system and the damage-

induced no-flow pipes are color coded by pink and red, respectively. The unsatisfied 

demands, from which the customers should not receive water, are illustrated by yellow 

dots. Most damage-induced no-flow pipes and unsatisfied demands are consistent with 

the areas of observed water outage for 2 days or more.  The water outages of less than 

a day are related to temporary isolations that were restored after inspections revealed 

no serious damage to local trunk lines. 

 

Figure 7.9 shows detailed comparisons between GIRAFFE simulations and the 

recorded flows.  In general, the simulated flows compare favorably with the monitored 

flows at each location.  
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Figure 7.8  GIRAFFE Simulation Results 

 

Figure 7.9a shows that the monitored flows in the LA Reservoir Outlet varied 

from 11,500 to 14,000 L/s depending on fluctuations in demand at different times of 

the day.  The flow reached its lowest value roughly at midnight and highest at 8 to 9 

o’clock in the morning, reflecting the lowest and highest water consumptions at these 

times.  The steady state simulation shows that the flow rate in the LA Reservoir Outlet 

prior to the earthquake was 12,100 L/s, which represents a rough average of the 

monitored daily flows.  The flow from the LA Reservoir increased to roughly 20,000 

L/s shortly after the earthquake because of water losses from damage to major trunk 

lines downstream of it.  As discussed in Section 7.3.3.2, the LA City, Haskell, and 

Hayvenhurst Trunk Lines, which are supplied by the  LA  Reservoir  Outlet,  sustained 
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Figure 7.9  Comparisons Between GIRAFFE Results and Monitored Data 
 

(e)  Astoria Pump Station 

(b)  Encino Reservoir Outflow 

(f)  Green Verdugo Pump Station 

(c)  Granada Trunk Line Flow 

(a)  LA Reservoir Outlet 

(d)  Morella & Van Owen Regulator Station 
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severe damage during the earthquake and were promptly isolated in the lower Van 

Norman Complex after the earthquake to curtail water losses.  After isolation, the flow 

in the LA Reservoir Outlet dropped to between 10,000 and 12,500 L/s.  The post-

earthquake simulation was performed after the isolation of the three pipe sections and 

showed that the flow rate in the LA Reservoir Outlet is 10,500 L/s, which falls in the 

range of monitored flows after the earthquake.  Five days after the earthquake, flow in 

the LA Reservoir Outlet decreased as repairs were undertaken in the LA aqueducts 

and Van Norman Complex.  Decreased flow related to system repairs was not 

simulated.  

 

Figure 7.9b shows that the monitored flows at the Encino Reservoir Outflow 

station vary from 0 to 550 L/s depending on fluctuations in demand.  The simulated 

flow prior to earthquake is roughly 250 L/s, which lies in the range of the monitored 

flows.  The earthquake increased flows at the Encino Reservoir Outflow station 

significantly.  This is because the Encino Reservoir had to provide more water to the 

southern part of San Fernando Valley after the earthquake to compensate the loss of 

water sources, which are normally from the northern part of San Fernando Valley.  

The post-earthquake simulated flow is 1600 L/s, which is within the range of 

monitored flows, varying from 1500 to 2500 L/s.  

 

Figure 7.9c shows that the Granada Trunk Line (GTL) supplies roughly 750 to 

2500 L/s water to customers in normal situations.  The simulated flow rate, 1750 L/s, 

represents a rough average of the real flow rates.  The earthquake ruptured the GTL 

completely and resulted in zero simulated flow, which is consistent with the monitored 

zero flow rate. 
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Figure 7.9d shows that roughly 400 to 900 L/s of water flows through the 

Morella & Van Owen Regulator Station prior to earthquake.  The simulated flow rate, 

970 L/s, is approximately 10 % higher than the highest monitored flow.  The water 

source of the Morella & Van Owen Regulator Station is from local groundwater wells.  

It is possible that LADWP uses more water from local groundwater wells in recent 

years, which results in a higher flow through the Morella & Van Owen Regulator 

Station than the monitored flows before the Northridge earthquake.  After the 

earthquake, the simulated flow drops to 550 L/s, which is roughly 10 % lower than the 

monitored flow. 

 

Figure 7.9e shows that the simulated flows vary from 0 to 300 L/s at Astoria 

Pump Station, which matches the monitored flows very well.  After the earthquake, 

both the simulated and monitored flows at the Astoria Pump Station drop to zero.  The 

fluctuations of flow rates after January 19 might be associated with system repairs and 

testing of the pump station.  These fluctuations were not simulated in this study. 

 

Figure 7.9f shows that the simulated and monitored water flows through the 

Green Verdugo Pump Station are very consistent.  The earthquake did not affect water 

flows through the Green Verdugo Pump Station because it is located far away from 

the system damage that occurred in the San Fernando Valley.  

 

It should be noted that there are some differences between the 1994 system in 

operation during the Northridge earthquake and the 2002 system represented by the 

hydraulic network model.  One example is the Granada High Tank, which collapsed 

during the 1994 Northridge earthquake and was removed from the system.  Also, the 
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demand used in the simulation is based on the typical winter demand used in the 2002 

system model, which may slightly be different from the demand in January 1994.   

 

In general, the GIRAFFE simulation compares favorably with the major 

features of the observed response of the LADWP system during the 1994 Northridge 

earthquake.  The validated GIRAFFE was applied as a major tool for the seismic 

performance evaluation of the LADWP system in conjunction with the state-of-the-art 

seismic hazard characterization in the California area.  The evaluation was conducted 

by Wang (2006).  In his study, the LADWP system response simulation was 

performed for 59 earthquake scenarios and system serviceability risk curves were 

constructed based on the simulation results.  The simulation results and risk curves are 

logic and being used for community restoration, emergency planning, and regional 

economic impact assessments.  

 

 



 

  



 

241 

CHAPTER 8  

 

SUMMARY AND CONCLUSIONS 

 

8.1 INTRODUCTION 

 

This report describes a comprehensive model for simulating the earthquake 

performance of water supply systems.  The model is developed in conjunction with the 

water supply system operated by the Los Angeles Department of Water and Power 

(LADWP).  It includes an algorithm for the hydraulic network simulations of heavily 

damaged water supply systems, an analytical model for analyzing seismic wave 

interaction with underground water supply pipelines, methods for simulating pipeline 

breaks and leaks in hydraulic network analysis, and a multi-scale technique for 

modeling complex water supply systems.  The model is implemented in a computer 

code, GIRAFFE, which is validated by a favorable comparison of simulation results 

with observations and flow measurements for the heavily damaged LADWP water 

supply after the 1994 Northridge earthquake.  The validated model is used as a major 

tool by Wang (2006) for the system performance evaluation of the LADWP water 

supply system in conjunction with state-of-the-art seismic hazard characterizations.   

 

This chapter provides a summary of major research findings associated with 

the report.  The sections that follow are organized to present a summary and research 

findings that correspond to the five objectives of the research, pertaining to: 1) 

hydraulic network analysis for damaged systems; 2) seismic response of buried 

pipelines to surface wave effects; 3) pipe damage modeling; 4) multi-scale technique 

for water supply system modeling; and 5) evaluation of Northridge earthquake 
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performance.  The final section provides a discussion of research needs and future 

research directions.  

 

8.2 HYDRAULIC NETWORK ANALYSIS FOR DAMAGED SYSTEMS 

 

In this study, hydraulic simulation procedures for heavily damaged water 

supply systems are developed on the basis of an iterative approach to isolate the 

network nodes with negative pressures.  They are implemented in a computer code, 

referred to as Graphical Iterative Response Analysis for Flow Following Earthquakes 

(GIRAFFE). 

 

After conventional hydraulic network analysis of the damaged system, nodes 

with negative pressures are identified in GIRAFFE and isolated step by step, starting 

with the one of highest negative pressure.  The isolation is simulated by eliminating 

the node and all the connected links.  After each elimination, the flow and pressure 

conditions are updated. 

 

The isolation approach, 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, 
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the model removes the unreliable portions of the system to display the remaining part 

of the network that meets threshold serviceability requirements for positive pressure.  

 

The computer code, GIRAFFE, builds on an open source hydraulic engine 

EPANET and employs the iterative approach for the treatment of negative pressures in 

the damaged water supply system.  GIRAFFE incorporates algorithms for simulating 

various levels of leakage and assessing earthquake demand associated with 

distribution networks using fragility curves.  GIRAFFE provides both deterministic 

and probabilistic simulation options with simulation results can be directly linked to 

GIS for visualization and map presentations.   

 

8.3 SEISMIC RESPONSE OF BURIED PIPELINES TO SURFACE WAVE 

EFFECTS 

 

Surface waves are generated by the reflection and refraction of body waves at 

the ground surface.  Under the appropriate conditions, surface waves can be more 

potentially hazardous to buried pipelines than body waves by driving higher ground 

strains due to their relatively low phase velocity.  When surface waves propagate 

along underground pipelines, the ground deformation transfers shear force to the 

pipeline.  Because of the relatively low phase velocity of surface waves, the strain 

accumulation rate of ground soil is generally higher than that of the pipeline so that the 

pipeline is not able to deform in unison with the ground soil.  The pipeline therefore 

exhibits a relatively rigid behavior under the surface wave effects.   

 

Jointed concrete cylinder pipelines (JCCPs) are typically coupled with 

mortared, rubber-gasket bell-and-spigot joints.  The JCCP joints are vulnerable to 
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axial pullout failure because of their relatively low tensile capacity with respect to 

both axial tensile force and displacement.  Finite element analyses predicted a relative 

joint displacement of 16 cm for a-1829-mm-diameter JCCP under the action of the 

surface waves recorded during the 1985 Michoacan earthquake in Mexico City.  The 

high predicted relative joint displacement indicates a strong potential of joint pullout 

and disengagement when the JCCP is affected by surface waves.   

 

In conjunction with Wang’s work (2006) on body wave effects, a 

dimensionless chart that incorporates the key parameters on pipeline properties, 

ground conditions, and wave characteristics is developed based on 320 runs of finite 

element simulations.  This chart can be used to facilitate the computation of the joint 

pullout movement of virtually any conventional JCCPs affected by seismic waves.  By 

accounting for the cracking of joint concrete mortar, the relative joint pullout 

movement of JCCPs is reduced significantly, because the joint cracking prevents 

strain accumulation across the cracked joints and reduces strain accumulation length 

along the pipeline.  Roughly 6 cm of relative joint pullout movement was predicted for 

the-1829-mm-diameter JCCP under the action of a sinusoidal wave with peak ground 

velocity (PGV), phase velocity, and predominant period consistent with the PGV, 

phase velocity, and predominant period of the surface waves recorded during the 1985 

Michoacan earthquake in Mexico City.   

 

The analytical model is applied to other types of pipelines, such as cast iron 

(CI) trunk and distribution mains with lead-caulked joints.  The lead-caulked joints 

have ductile pullout characteristics.  The joint pullout resistance remains 

approximately constant after external tensile force reaches the maximum tensile 

capacity of the joint.  The ductility of joint reduces the joint pullout displacement 
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compared with joints with brittle pullout characteristics, such as the JCCP joint.  The 

reduction of the relative joint displacement can be estimated using dimensionless 

reduction curves developed on the basis of 150 runs of finite element simulations.  By 

using the dimensionless chart and reduction curves together, it is able to estimate the 

joint pullout displacement of CI pipelines under the effects of virtually any seismic 

waves.   

 

8.4 PIPE DAMAGE MODELING 

 

Pipeline damage may result in substantial reduction of water and pressure, and 

change the flow patterns in a water supply system.  A rational model for pipe damage 

simulation is needed for an accurate prediction of flow and pressure conditions in the 

water supply systems after earthquakes. 

 

Pipe damage is classified into breaks and leaks.  A break is modeled by 

completely disconnecting the original pipeline and opening the disconnected ends into 

the atmosphere.   

 

A pipe leak is modeled as a fictitious pipe with one end connected to the 

leaking pipe and the other end open to the atmosphere.  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 diameter of the fictitious 

pipe is determined by the leak orifice area.  The validation of the leak simulation 

model using sprinkler data from the Nation Fire Protection Association shows that the 

water loss from the leak simulation is consistent with the water discharge from real 

sprinklers. 
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A review of pipe material properties, joint characteristics, and damage 

mechanisms, showed that pipe leaks can be classified into five types, which are 

annular disengagement, round crack, longitudinal crack, local loss of pipe wall, and 

local tear of pipe wall.  This classification provides a rational basis for estimating leak 

orifice areas associated with various types of pipelines.  Field observations from 

previous earthquakes found that leak orifice areas are, in general, related to pipe size.  

As such the orifice areas are simulated as a function of pipe diameter.  Mathematical 

formulations relating orifice area to pipe diameter are developed for each leak type.  

Default values for the parameters used in these formulations are proposed.  

Probabilities for each leak type in association with various types of pipelines are 

estimated for Monte Carlo simulations.   

 

The pipe leak and break models are implemented into hydraulic networks both 

deterministically and probabilistically.  The deterministic implementation specifies the 

number and location of leaks and breaks, and the orifice area of each leak in the 

network.  The probabilistic implementation generates randomly distributed pipe 

breaks and leaks in the network by assuming pipe damage follows a Poisson process 

with a mean arrival rate equal to repair rate.  The repair rate is related to seismic 

hazard parameters, such as peak ground velocity and permanent ground deformation.   

 

8.5 MULTI-SCALE TECHNIQUE FOR WATER SUPPLY SYSTEM 

MODELING 

 

The LADWP water supply system response is simulated with a multi-scale 

technique that uses a hydraulic network model to represent the trunk line system with 

demand nodes connected to local distribution pipeline networks.  The trunk line 
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system model includes 2200 km of pipelines, with diameters ranging from 300 (12) to 

3850 mm (152 in.).  The remaining 9800 km of pipelines, which are typically small 

diameter distribution lines, are replaced with demand nodes.  Using this trunk line 

model for earthquake simulations, seismic damage to trunk lines are simulated 

explicitly by adding breaks and leaks, and damage to distribution lines are simulated 

implicitly by increasing demands at nodes in the trunk system.  The increased 

demands are simulated by means of fragility curves relating demand to repair rate in 

the local distribution networks.  The fragility curves are developed on the basis of 

Monte Carlo simulation results from five representative LADWP distribution 

networks.  

 

Distribution network simulation results show that normalized demand (ND), 

defined as the ratio of demand after damage to a distribution network to that before 

damage, can be linearly correlated with repair rate, RR.  The intercept and slope of the 

linear regressions of ND vs RR can be further correlated with a physical parameter, 

the mean pressure, MP, of the distribution network.  The intercept and slope are 

statistically estimated from the Monte Carlo simulation data in the five representative 

distribution networks.  Two methods, linear regressions with noise terms and 90% 

confidence level estimates, are proposed to estimate the slope and intercept of the 

linear regressions of ND vs RR.   

 

8.6 EVALUATION OF NORTHRIDGE EARTHQUAKE PERFORMANCE 

 

GIRAFFE is validated using the case history of the LADWP system response 

to the 1994 Northridge earthquake.  Damage data from previous studies shows that 

more than 95% of LADWP trunk line repairs, 80% of distribution repairs, all damaged 
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tanks, and all water outages after the Northridge earthquake occurred in the San 

Fernando Valley.  The LADWP system response to the Northridge earthquake was, 

therefore, simulated with the hydraulic network model, which covers the San 

Fernando Valley, or northern half of the system.  The southern half of the system was 

simulated as boundary conditions, which were calibrated using the flow meter records 

from the SCADA data in the pre- and post-earthquake simulations. 

 

The LADWP trunk line damage was simulated explicitly by adding breaks and 

leaks in the network.  In total, 3 breaks and 26 leaks were simulated.  The distribution 

line damage was simulated by increasing the demands at nodes in the trunk system 

using fragility curves.  The damaged tanks were simulated by disconnecting the 

inlet/outlet pipes.  The large pumps, which were not able to operate after the 

earthquake because of the electric power outage and lack of enough backup power, 

were closed in the post-earthquake simulation.   

 

The GIRAFFE simulation results are shown to produce water outages 

consistent with the documented damage-induced water outages after the earthquake.  

The GIRAFFE simulated flows at key locations compare favorably with monitored 

flows by LADWP before and after the earthquake.  The difference between the 

monitored and simulated flows is generally less than 10%. 

 

8.7 FUTURE RESEARCH DIRECTIONS 

 

The algorithm for the hydraulic network simulations of heavily damaged water 

supply systems developed in this study discounts unreliable flows through partial flow 

nodes because of the complicated flow conditions, which are not able to be solved 
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using current hydraulic network modeling techniques.  It would be valuable to develop 

an algorithm, which is able to analyze the flow conditions around partial flow nodes.  

This algorithm can be implemented into hydraulic network analysis software packages 

to provide a more accurate prediction of flow and pressure conditions in heavily 

damaged systems. 

 

The majority of pipe damage occurs as leaks.  A key parameter for leakage 

simulation in hydraulic network analysis is the leak orifice area, which is determined 

by pipe material properties, joint characteristics, and earthquake damage mechanisms.  

The classification of leak types proposed in this study provides a rational basis for 

leakage simulation.  The modeling procedures would be improved by a more detailed 

study of field data and experimental verification. 

 

The current simulation model accounts for damage to pipelines, which are the 

most vulnerable components in water supply systems.  The performance of tanks is 

incorporated in the model by accounting for water losses with time from damaged 

pipelines, as described by Wang (2006).  Damaged tanks are modeled by 

disconnecting the inlet/outlet pipelines.  Also loss of electric power is accounted for 

by the disruption of pump operations.  Improvements of the simulations can be 

realized by developing more comprehensive models for components such as tanks, 

pumps, and regulator valves.  Such models should be based on fragility curves that 

account for uncertainty in performance and are consistent with the probabilistic 

approach adopted in this work.  
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APPENDIX A 

 

LADWP DISTRIBUTION NETWORK MODEL DESCRIPTIONS 

 

This appendix provides a description of the six distribution network models 

used for LADWP distribution network simulations and the monitored pipes for 

characterizing water losses due to distribution network damage. 

 

As discussed in the main text of Chapter 6, six representative distribution 

network models, covering distribution systems 1449, 1000, 579, 448 & 462, 426, and 

205, were obtained from LADWP.  Each distribution network model includes 

distribution pipelines and a portion of the trunk line system in the vicinity of the local 

distribution network.  Figures A.1, A.3, A.5, A.7, A.9, and A.11 show the combined 

distribution and trunk pipelines that comprise the six distribution systems, respectively.  

To illustrate better the locations of trunk and distribution pipelines, the relevant 

portion of the LADWP trunk line system model is superimposed on each distribution 

network.  In the figures, the thin green lines represent pipelines in the distribution 

networks, and the small green dots represent demand nodes in the distribution 

networks.  The thick red lines represent trunk lines, and the big red dots represent 

demand nodes in the trunk system.  For each thick red line, representing a trunk line, 

there is a corresponding thin green line, representing the trunk line as modeled in the 

distribution network.  The big red demand nodes in the trunk system represent the 

locations of demands modeled in the LADWP trunk line model.  The superposition of 

the distribution and trunk line models shows that these two data sets are consistent.  

Every trunk line in the trunk line system can be found in the distribution line network.   
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The pipe diameter distribution in the six distribution network models is shown 

in Figures A.2, A.4, A.6, A.8, A.10, and A.12.  These figures show that the smallest 

diameter pipelines in the distribution network models are those with diameters of 100 

(4) and 150 mm (6 in.)  The majority of pipelines are those with diameters smaller or 

equal to 300 mm (12 in.) in contrast to the trunk line model, which mainly includes 

pipelines with diameters larger than or equal to 400 mm (16 in.) 

 

Monte Carlo simulations were performed to the distribution networks with the 

procedures described in main text of Chapter 6.  In distribution network simulations, 

pipe damage was evaluated only in the distribution lines since the trunk line damage is 

accounted for explicitly in the trunk system model.  In each distribution network, 

multiple locations of flows were monitored in the trunk lines before and after 

earthquake damage to the distribution network.  The locations of the monitored flows 

are shown in Figures A1, A3, A5, A7, A9, and A11 as yellow triangles.  Since flows 

in trunk lines are distributed by means of demands in the distribution networks, the 

increase of flows in the trunk lines after earthquake damage represents the earthquake 

demands from the distribution network damage.  To provide statistically significant 

sample flows, the multiple monitored flows are widely distributed in each distribution 

network.   
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D > 610 mm 
(D > 24 in.)

17%

  D = 150 mm
(D = 6 in.)

1% D = 200 mm
(D = 8 in.)

41%

D = 250 & 300 mm
(D = 10 & 12 in.)

27%

305 <D<= 610 mm
(12 <D<24 in.)

14%

Distribution System 1449 
Total Length:  176 km

 

 

Figure A.2  Pie Chart Showing Distribution of Pipelines of Various Diameters  

in System 1449  
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 D = 200 mm
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D = 250 & 300 mm
(D = 10 & 12 in.)
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(12 <D<24 in.)

7%

Distribution System 1000
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Figure A.4  Pie Chart Showing Distribution of Pipelines of Various Diameters  

in System 1000 
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Figure A.6  Pie Chart Showing Distribution of Pipelines of Various Diameters  

in System 579 
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Figure A.8  Pie Chart Showing Distribution of Pipelines of Various Diameters  

in System 448 & 462 
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Figure A.10  Pie Chart Showing Distribution of Pipelines of Various Diameters  

in System 426 
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Figure A.12  Pie Chart Showing Distribution of Pipelines of Various Diameters  

in System 205 
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APPENDIX B 

 

LADWP DISTRIBUTION NETWORK SIMULATION RESULTS 

 

This appendix presents the Monte Carlo simulation results of the monitored 

flows in the six LADWP distribution networks.  In total, 26 locations of flows were 

monitored in Systems 1449, 1000, 579, 448 & 462, and 426, for the development of 

fragility curves, and 6 locations of flows were monitored in System 205 for the test of 

fragility curves. 

 

As explained in the main text of Chapter 6, flows were monitored in 

representative trunk lines before and after earthquake damage to distribution networks.  

The flows after damage were normalized with respect to those before damage.  The 

normalized flows provide a proxy for normalized demand (ND).  Monte Carlo 

simulations were performed for a wide range of repair rates (RRs) varying from 0.02 

to 100 repairs/km.  Figures 6.6 and 6.7 show that the relationships between ND and 

RR follow consistent increasing trends to RR of roughly 2 repairs/km, above which 

certain patterns of performance can be discerned.  When RR values range from 2 to 10 

repairs/km, ND begins to separate into different trends.  At RR from 10 to 100 

repairs/km, the system response follows a limited number of discrete trends, and in 

some cases ND drops to very low levels, which indicate that the system is severely 

damaged and not able to supply water in a reliable and stable way.  Previous research 

(Jeon, 2002) shows that RR equal to 1 repair/km provides an approximate upper 

bound for the PGV-related damage to buried pipelines.  Statistics were developed for 

simulation results with RR ranging from 0.02 to 1 repairs/km.   
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The Monte Carlo simulation results for RR ranging from 0.02 to 1 repairs/km 

in the six distribution systems are shown in Figures B.1 to B.6.  In each figure, one 

plot represents simulation results from one monitored pipe.  In each plot, one dot 

represents one Monte Carlo simulation run for a given RR.  The linear regression 

function and the coefficient of determination, r2, are also shown in each plot.  The pipe 

ID in each plot is consistent with the ID of the monitored pipes, shown in Figures A.1, 

A.3, A.5, A.7, A.9, and A.11. 
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Figure B.1  Simulation Results for Monitored Pipes in Distribution System 1449 
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Figure B.2  Simulation Results for Monitored Pipes in Distribution System 1000 
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Figure B.3  Simulation Results for Monitored Pipes in Distribution System 579 
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Figure B.4  Simulation Results for Monitored Pipes in Distribution System 448 & 462 
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Figure B.5  Simulation Results for Monitored Pipes in Distribution System 426 
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Figure B.6  Simulation Results for Monitored Pipes in Distribution System 205
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APPENDIX C 

 

LADWP TRUNK LINE DAMAGE SIMUALTIONS 

 

This appendix describes the hydraulic simulations of the 67 locations of 

LADWP trunk line damage that occurred in the San Fernando Valley during the 1994 

Northridge earthquake.  The Granada Trunk Line (GTL), Rinaldi Trunk Line (RTL), 

and Roscoe Trunk Line sustained severe damage during the earthquake.  In total, 49 

locations of damage occurred in these three trunk lines.  Damage simulations of the 

three trunk lines are described under the first three subheadings that follow.  

Simulations of the other 18 locations of damage are described under the fourth 

subheading. 

 

C.1 GRANADA TRUNK LINE 

 

The GTL is composed partly of welded steel and partly of prestressed concrete 

with a diameter ranging from 1220 (48) to 1257 mm (49.5 in.).  It receives water from 

the Clearwell Tank in the Van Norman Complex and is located along the Balboa 

Boulevard, Rinaldi Street, and western rim of the San Fernando Valley. 

 

The GTL was the most severely damaged trunk line during the 1994 

Northridge earthquake.  Figure C.1 shows the locations of damage in the GTL.  The 

relevant damage details, including the location, pipe diameter, pipe material, damage 

descriptions, are summarized in Table C.1, based on information provided by LADWP 

(1996) and Davis (2003).  Twenty-nine locations of damage were identified in the 

GTL after the earthquake.  Among the 29 locations, 20 of them (Repairs 1 to 20) were 
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Figure C.1  Granada Trunk Line and Its Repairs 

 

within or around the Van Norman Complex.  Outside the Van Norman Complex, there 

were 4 repairs (Repairs 21 to 24) along Balboa Boulevard and 5 repairs (Repairs 25 to 

29) along Rinaldi Street.  Damage to the GTL in the Van Norman Complex was 

mainly in the form of compressive buckling at welded slip joints.  Damage along 

Balboa Boulevard was mostly associated with the lateral ground displacement 

triggered by liquefaction. 

 

Damage descriptions indicate that the GTL was pulled more than a half meter 

(20 in.) at Repair 23 in Balboa Boulevard.  These descriptions are consistent with the 

field  evidence  that large  ground  deformation  was  generated  by soil  liquefaction in  
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Balboa Boulevard.  The large ground deformation pulled several buried pipelines 

apart, and as a result, the Balboa Boulevard at that location was flooded after the 

earthquake.  As such, Repair 23 was modeled as a break.  The GTL receives water 

from the Clearwell Tank in the Van Normal Complex and transports water along 

Rinaldi Street and the western margin of San Fernando Valley.  Downstream of Repair 

23, the disconnection of the GTL in Balboa Boulevard cut off water from the source to 

its main demands.  It is not significant in hydraulics to model the 20 repairs in the Van 

Norman Complex because the water losses from these repairs can be collectively 

modeled at Repair 23.  Similarly, Repairs 21, 22, and 24 are in close proximity to 

Repair 23, and their effects can be represented by the break at Repair 23. 

 

Limited damage descriptions are available for Repairs 25 to 29, and they 

indicate that damage most likely occurred as joint ruptures and disengagements.  Each 

of these damage locations was modeled as a leak, characterized by annular 

disengagement, and orifice area calculated with Equation 5.11 developed in Section 

5.4.4.1.  The leak scenario and equivalent orifice diameter are listed in Table C.1.  In 

summary, one break in Balboa Boulevard and five leaks in Rinaldi Street were 

modeled in the GTL. 

 

C.2 RINALDI TRUNK LINE 

 

The RTL is owned by the Metropolitan Water District (MWD) but operated by 

the LADWP.  It originates at the Van Norman Complex and extends along Balboa 

Boulevard and Rinaldi Street in parallel with the GTL.  The RTL consists of two 

major sections.  One is composed of welded steel with a diameter of 1727 mm (68 in.) 

and runs from the Van Norman Complex to the intersection of Balboa Boulevard and 
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Figure C.2  Rinaldi Trunk Line and Its Repairs 

 

Rinaldi Street.  The other is composed of prestressed concrete with a diameter of 1372 

mm (54 in.) and extends along Rinaldi Street.  Figure C.2 shows the layout of the RTL 

and its repairs after the Northridge earthquake.  Similar to the GTL, the 1994 

Northridge earthquake caused severe damage to the RTL.  The relevant repair details 

are summarized in Table C.2.   

 

Most of the damage locations occurred in the steel pipe section along Balboa 

Boulevard, including 4 locations of joint pullout (Repairs 30 to 33), one location of 

minor damage (Repair 34) with cement mortar cracking, and one location of 

compressive failure (Repair 35).  Multiple cracks also occurred in a 4.9-m(16-ft)-

length of concrete pipe section under Rinaldi Street (Repair 36).  The damage to RTL 
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was attributed to the lateral ground displacement triggered by soil liquefaction, except 

for Repair 36. Similar to the GTL, the RTL lost its continuity due to the large ground 

deformation around the intersection of Balboa Boulevard and Rinaldi Street.  Because 

locations of Repairs 30, 31, 32, 33, 34, and 35, are in close proximity, they were 

collectively modeled as a break at Repair 31.  Repair 36 was modeled as a leak with 

local loss of pipe wall.  The equivalent orifice area was calculated using Equation 5.22 

developed in Section 5.4.4.4. 

 

C.3 ROSCOE TRUNK LINE 

 

The Roscoe Trunk Line is located in the central part of the San Fernando 

Valley and serves as a connector among the major trunk lines, such as the De Soto, 

Haskell and Hayvenhurst Trunk Lines.  The Roscoe Trunk Line is composed partly of 

riveted steel and partly of welded steel with a diameter ranging from 914 mm (36 in.) 

to 1524 mm (60 in.).  Figure C.3 shows the layout and material composition of the 

Roscoe Trunk Line together with its repairs.  In total 13 repairs were made in Roscoe 

Trunk Line.  The relevant details are summarized in Table C.3.   

 

Repairs 37 to 42 occurred in the welded steel sections.  As described in Section 

4.4.5, the major damage mode to welded steel pipelines is compressive local buckling 

with an estimated 20% probability of causing leakage.  As such, two leaks were 

modeled for the 6 repairs.  One was modeled between Repairs 37 and 38 and the other 

was modeled between Repairs 39 and 42.  The diameter of these leaks was calculated 

using Equation 5.26 developed in Section 5.4.4.5 by assuming each leak was a local 

tear of pipe wall. 
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Figure C.3  Roscoe Trunk Line and Its Repairs 

 

 Repairs 43 to 49 occurred in the riveted steel section.  Damage to riveted steel 

pipelines typically results from shear failure of rivets along the longitudinal and 

circumferential seams.  Since Repairs 43 to 44 are very close to each other, they were 

modeled as one leak with its orifice area doubled.  The same situation occurs at 

Repairs 45 and 46, which were modeled as one leak with its orifice area doubled.  

Each of Repairs 47, 48, and 49 was modeled as one leak, respectively.  Due to the lack 

of information on the leak characteristics, it is difficult to decide on the type of leak 

that best represents the damage.  From Section 5.4.5, three leak scenarios for riveted 

steel pipelines are possible, which are annular disengagement with a probability of 0.6, 

longitudinal crack with a probability of 0.3, and local loss of pipe wall with a  
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probability of 0.1.  A weighted average of the equivalent orifice areas of the three leak 

scenarios with respect to their probabilities was calculated and assigned to each leak.  

The equivalent orifice diameter indicated as WA in Table C.3 means that this diameter 

was calculated from the weighted average of the equivalent orifice areas.  

 

C.4 Other Trunk Lines 

 

 Besides the 49 repairs in the Granada, Rinaldi, and Roscoe Trunk Lines, there 

were 18 repairs in other trunk lines, which are shown in Figures C.4 and C.5 with 

expanded views.  The relevant details on these repairs are provided in Tables C.4 and 

C.5.  Among the 18 repairs, 12 occurred within or around the Van Norman Complex, 

as shown in Figure C.4 and Table C.4.  Figure C.4 shows that 1 repair occurred in the 

LA City Trunk Line, 2 in the Stone Canyon Inlet, 1 in the Hayvenhurst Trunk Line, 4 

in the Van Norman Pump Station Discharge Pipeline, 2 in the LA Reservoir Outlet, 

and 1 in the Susana Trunk Line.  Field evidence indicated that a portion of the pipe 

wall of the LA City Trunk Line was torn apart and resulted in total loss of pipe 

function.  As such, the repair at the LA City Trunk Line was modeled as a break.  For 

other repairs, damage descriptions show no evidence of pipe breakage.  Each repair 

was modeled as a leak except Repairs 56, 57, and 58 in the Van Norman Pump Station 

Discharge Line.  Leaks were classified as annular disengagement based on the damage 

and repair descriptions.  The equivalent orifice area was calculated using Equation 

5.11 developed in Section 5.4.4.1.  Damage at location of Repair 56 occurred at the 

pier supports of pipeline.  Damage at locations of Repairs 57 and 58 occurred as 

compressive buckling of steel pipeline.  These three locations of damage are unlikely 

to cause leakage and therefore they were not modeled as leaks.   
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Figure C.4  Other Trunk Line Repairs in Van Norman Complex 
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Figure C.5  Other Trunk Line Repairs outside Van Norman Complex 

 

The 7 leaks outside the Van Norman Complex are shown in Figure C.5 and 

Table C.5.  There is minimal damage description available for them.  Each of them 

was modeled as a leak, with the equivalent orifice area calculated as the weighted 

average of the orifice areas of all possible leak scenarios.  Because Repairs 66 and 67 

are in the same pipeline and close to each other, the two leaks were combined into one 

leak with double orifice size.   
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