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Abstract

Water utilities are vulnerable to a wide variety of human-caused and natural disasters. The Water
Network Tool for Resilience (WNTR) is a new open source Python™ package designed to help water
utilities investigate resilience of water distribution systems to hazards and evaluate resilience-enhancing
actions. In this paper, the WNTR modeling framework is presented and a case study is described that uses
WNTR to simulate the effects of an earthquake on a water distribution system. The case study illustrates
that the severity of damage is not only a function of system integrity and earthquake magnitude, but also
of the available resources and repair strategies used to return the system to normal operating conditions.
While earthquakes are particularly concerning since buried water distribution pipelines are highly
susceptible to damage, the software framework can be applied to other types of hazards, including power
outages and contamination incidents.

1. Introduction

Depending on their location and vulnerability, drinking water utilities are taking steps to enhance their
resilience to earthquakes, floods, drought, hurricanes, winter storms, forest fires, tornadoes,
contamination incidents, terrorist attacks, and other types of hazards [1] [2] [3] [4] [5]. Resilience is
defined by the National Academies of Science as “the ability to prepare and plan for, absorb, recover from,
and successfully adapt to adverse events” [6]. The ability to maintain drinking water service during and
following such hazardous incidents is critical to ensure the well-being and continuity of daily life. Water
system resilience is important not only for individuals, but also for hospitals, schools, nursing homes, fire
stations, restaurants, and for other industries that rely on water.

Natural disasters and other types of hazards have resulted in different types of water service disruptions:
pipe breaks and leaks; power outages; failure of reservoirs, tanks, pumps, treatment plants, and other
infrastructure; reduced water quality; loss of access to facilities and supplies; as well as financial, social,
environmental and human health consequences [1] [7] [8]. Following large disruptive incidents like
earthquakes, affected communities have experienced power outages and water service outages lasting
from hours to weeks. For example, the 1994 magnitude 6.7 Northridge Earthquake, located outside Los
Angeles, California, damaged seven reservoirs, over 60 transmission mains, and 1,000 distribution pipes.
The quantity of water delivered was restored to pre-earthquake volumes after seven days, and the quality
of water was restored and boil-water orders were lifted after 12 days. However, it took nine years to
complete all repairs and restore full functionality of the water system [9]. Even though evidence shows
that seismic-resistant pipes have a high survival rate following an earthquake [8], these upgrades have
not been widely implemented because of the high cost for pipe replacement.



General guidance is available on water system resilience to disasters [1] [2] [3] [4] [5]; however, robust
software tools to support utility-specific resilience assessment are not available. With such tools, water
utilities could estimate potential damages to their system, understand the multitude of disruptions that
could unfold over time, investigate redundancies, evaluate preparedness, and prioritize specific mitigation
strategies, such as pipe replacement or adding redundancy to supply systems [2] [7]. Systems modeling
tools have the potential to meet this need by combining disaster damage models with hydraulic and water
quality models of water distribution systems. Additionally, systems modeling could incorporate changes
in customer behavior during disasters (e.g., water usage), as well as utility response actions. This type of
simulation approach could allow a water utility to design more effective mitigation activities before a
disaster occurs.

This paper presents a comprehensive software framework for assessing the resilience of drinking water
systems to disasters, including earthquakes. The software improves upon currently available capabilities
by fully integrating hydraulic and water quality simulation, damage estimates and response actions, and
resilience metrics into a single platform. This software is available as an open source software package
called the Water Network Tool for Resilience (WNTR, pronounced winter). In the rest of this paper, the
relevant literature is reviewed, the WNTR software framework is described in detail and then an
earthquake case study is presented to demonstrate the capabilities in WNTR. While the case study focuses
on earthquakes, the software framework is general and can be applied to a wide range of disruptive
incidents and repair strategies.

2 Literature Review

Existing hydraulic and water quality modeling software tools were not designed to handle sudden failures
resulting in inadequate pressure or rapid changes in system operation. Moreover, they were not designed
to handle situations when sections of a water system become isolated, tanks or reservoirs drain, or the
system operational rules cannot be met. For example, commonly used demand-driven (DD) hydraulic
simulators, like EPANET [10], assume customer demands are always met even if the pressure is insufficient
to provide the demand. In reality, disasters can lead to situations where pressure in the system is
unusually low and customer demand would not be met.

Several alternatives to DD simulators have been discussed in the literature. Wagner et al. [11] presented
pressure-driven demand (PDD) hydraulic equations for water distribution systems in which the demand
supplied to a node is a function of the pressure at that node [12]. During low-pressure conditions,
customers receive a fraction of their expected demand. PDD simulators include WaterNetGen [12] [13],
which is an open source software tool, and WaterGEMS™ [14], which is a commercial software tool.
Quasi-PDD simulators (or semi-PDD) run DD simulations in an iterative manner and nodes are switched
between constant-demand nodes, zero-demand nodes, and (sometimes) emitters depending on the
domain in which the pressure falls [15] [16] [17]. When considering disaster scenarios, the difference
between using DD and PDD simulation can be drastic [18].

After a large-scale disruption, water demand in the network can change dramatically. Structural damage
and emergency operational changes can result in isolated sections of the network or low pressure
conditions that reduce the amount of water delivered to customers. Policy changes, including do-not-
drink orders, boil-water orders, or water conservation efforts, also decrease customer demand. When
planning for an adequate drinking water supply during emergencies, water utilities need to account for
the minimum acceptable water use per capita, the anticipated time scale of the disruption, the population
impacted, and water quality standards that need to be upheld [19]. If acceptable water volume and
quality cannot be delivered, potable water alternatives would have to be considered. Customer behavior
can also change during emergencies, either temporarily increasing demand (e.g., filling up bathtubs to
stockpile water) or decreasing demand (e.g., relying on bottled water because of a lack of confidence in
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the delivered water). These changes in customer demand can impact resilience; for example,
conservation might increase water availability for firefighting.

Several tools have been developed to estimate the hydraulic performance of a water distribution system
after an earthquake [17] [20] [21] [22]. These tools use attenuation models and fragility curves developed
by the American Lifeline Alliance to estimate network damage based on earthquake magnitude and
location [23] [24] [25]. Attenuation models calculate peak ground acceleration (PGA) and peak ground
velocity (PGV) as a function of earthquake magnitude, location and depth. Fragility curves determine the
probability of damage as a function of ground movement. These models are generally built on empirical
data from recent earthquakes, which includes information such as the characteristics of damaged pipes
and the measured PGA. The Graphical Interactive Serviceability Analysis of Life-Lines subjected to
Earthquakes (GISALLE) tool quantifies water service availability after an earthquake and uses the Loma
Prieta Earthquake as the basis for a stochastic parametric study [22]. The Graphical Iterative Response
Analysis for Flow Following Earthquakes (GIRAFFE) software builds upon GISALLE to include upgrades to
the way low pressure conditions are handled when modeling pipe failure and includes a seismic wave
model to estimate joint damage [21]. Mani et al. [20] include pipe leak models developed by Shi et al.
[21] and use the Tehran water distribution network as a case study. The Reliability EVAluation model for
Seismic hazard for water supply NETwork (REVAS.NET) tool includes earthquake attenuation models and
probabilistic scenarios with different repair strategies [17]. Guidotti et al. [26] extend previous work by
including a general procedure for modeling resilience of critical network infrastructure. This work includes
methods that account for dependencies between networks, such as the water distribution systems and
the electric power network. The general procedure can be applied to a wide range of hazards and
recovery actions. To date, these research efforts use quasi-PDD hydraulic simulations.

Several studies have simulated the damage to the Los Angeles Department of Water and Power caused
by the 1994 Northridge Earthquake in California and the restoration activities that followed [27] [28] [21].
These tools combine GIRAFFE with the capability to demonstrate restoration actions, such as sending
crews to investigate, isolate, and repair pipe breaks. Other modeling tools were developed to help the
East Bay Municipal Water District in Northern California manage earthquake response in real-time,
prioritize transmission line upgrades, and assess interdependencies with the electricity sector [29]. These
tools combine real-time USGS ShakeMap data on ground movement after an earthquake [30] with a
customized software tool to rapidly predict damage to specific water utility assets [29].

3. Modeling Framework

The United States Environmental Protection Agency, in partnership with Sandia National Laboratories,
developed WNTR to integrate critical aspects of resilience modeling for water distribution systems into a
single software framework. WNTR provides a flexible platform for modeling both disruptive incidents and
repair strategies in water distribution systems. WNTR advances previous research by making major
improvements to hydraulic simulations including PDD, the ability to add and repair leaks, and the ability
to change operations and/or response strategies in the middle of a simulation. Additionally, WNTR
combines damage and response models into a single framework, allowing for a seamless evaluation of
response and/or mitigation strategies to minimize overall consequences to the water utility. The primary
modeling components in WNTR include: (1) disaster models (e.g., attenuation models to predict ground
movement after an earthquake), (2) fragility curves used to assign the probability of damage to network
components, (3) flexible controls to change the status and operation of network components, (4) models
to estimate leaks in the network, (5) PDD hydraulic simulation to model the network during low pressure
conditions, (6) resilience metrics to evaluate the effect of the disruption and repair strategies, and (7) the
ability to perform Monte Carlo simulations.



WNTR is a Python package, which requires Python (2.7, 3.4, or 3.5) along with several Python package
dependencies, including NetworkX, Pandas, Matplotlib, NumPy, and SciPy. A water network model can
be constructed within WNTR or created from an EPANET formatted water network model input file.
Connectivity of the water network (i.e., the network layout) is stored as a NetworkX data object [31]. The
NetworkX package facilitates use of numerous methods to analyze the structure of complex networks.
Results from hydraulic and water quality simulations are stored as Pandas data objects [32], which allows
for powerful time series analysis of node and link attributes, such as pressure and flow. WNTR includes
high-quality graphics capabilities, including network graphics and animation, using Matplotlib [33]. A
dependence on NumPy and SciPy [34] enables efficient numerical computation, and working within the
Python environment facilitates simulations run in loops or in parallel using standard Python methods [35].
In addition to the features listed above, WNTR is compatible with all unit conventions of EPANET
formatted water network model input files.

WNTR integrates these components into a single easy-to-use software platform for evaluating resilience
of water distribution systems. Leveraging the object-oriented programming capabilities of Python, WNTR
easily performs many complex analyses. Note that the object-oriented EPANET Python package, OOPNET,
makes use of similar Python packages to facilitate scientific computing but currently only uses EPANET for
hydraulic simulations, limiting the tool to DD hydraulic simulations [36]. WNTR can perform DD
simulations using EPANET or PDD simulations using WNTR’s own hydraulic solver. The program interface
is flexible and allows users to make changes to the network structure and operations, and add disruptive
events and recovery actions.

3.1 Software Availability

WNTR can be installed through the U.S. Environmental Protection Agency GitHub organization at
https://github.com/USEPA/WNTR. The software was made publically available in October 2016. The
GitHub site includes links to software documentation, software testing results, and contact information.
The software documentation includes Python code to demonstrate the application program interface
(API) and code structure. Python distributions, such as Anaconda, are recommended to help users
manage the Python environment.

3.2 Earthquake Attenuation Models

WNTR includes attenuation models that describe how seismic waves diminish as they travel away from
the epicenter. The energy associated with a seismic wave is commonly measured in terms of PGA and
PGV. Attenuation models are often developed using data from a particular earthquake and depend on
the local geology. Many models exist and choosing an appropriate model for a particular study area can
be difficult. Infrastructure damage is associated with both PGA and PGV. Pump and tank damage is often
estimated using PGA, whereas PGV is frequently used to estimate repair rate for pipes. Repair rate is
defined as the number of repairs needed per km of pipe. Correction factors can be applied to the repair
rate to account for variation in pipe material and soil type. The PGA attenuation models in WNTR include:

PGA = 403.8 x 109265M (R + 30)~1.218 (1)
In(PGA) = 0.4 + 1.2M — 0.76 In(D) + 0.0094D (2)
log(PGA) = —1.83 + 0.386M — log(R) — 0.0015R (3)

where M is the earthquake magnitude (unitless), R is the distance to the epicenter (km), and D is the
distance to the focus (km) [37] [38] [39]. These are the same PGA models used in REVAS.NET. The PGV
attenuation models in WNTR include:

PGV = 100.848+0.775M+1.834—(R+17) (4)
PGV = 10—0.285+0.711M—1.85(R+17) (5)


https://github.com/USEPA/WNTR

where Eq 4 is for rock and Eq 5 is for soil [40]. Since attenuation models are commonly developed for a
particular earthquake and site, analysts often use the average of several models to capture general trends
[17] [23]. PGV is used to compute a pipe repair rate. The following linear and power law repair rate (RR)
models from [23] are included in WNTR:

RR = 0.00187 x PGV (6)
RR = 0.00108 x PGV 1173 (7)

To include pipe and soil characteristics in the calculation, RR is multiplied by a correction factor [41], which
is a function of pipe diameter, pipe material, topography, and liquefaction potential. A weight is assigned
to different categories. Correction factor (C) is computed as follows:

C=CaXChuXxC:*x( (8)

where Gy is the correction factor for pipe diameter (unitless), Cn is the correction factor for pipe material
(unitless), C: is the correction factor for topography (unitless), and C is the correction factor for
liguefaction potential (unitless). By default, WNTR uses the categories and weights supplied in [41] but
users can customize categories and weights by modifying input to the code. Additional models for PGA,
PGV, RR, and C can be added by the user or included in a future release of the software. Users can also
import data from external sources, such as USGS ShakeMap.

3.3 Fragility Curves

Fragility curves define the probability of exceeding a damage state as a function of environmental change.
Fragility curves are commonly used to predict network damage after an earthquake caused by ground
motion. Fragility curves are closely related to survival curves, which are used to define the probability of
component failure due to age. Network components can have multiple damage states, for example, a
pipe can be subject to major or minor leaks. To estimate damage caused by an earthquake, fragility curves
are defined as a function of PGA, PGV, or RR. The American Lifelines Alliance reports [23] [24] include
seismic fragility curves for water system components. Damage to above ground pumps, tanks, and
tunnels is often estimated using PGA, while damage to below ground pipes is often estimated using PGV
and RR [23] [24]. WNTR includes methods to define fragility curves (or survival curves) with multiple
damage states using a wide array of statistical distributions. The fragility curves are then used to assign a
probability of damage for each network component. The damage state is determined stochastically by
selecting a uniform random variable for each network component and the water network model is
adjusted accordingly to reflect the damage state that is selected. Fragility curves can also be used to
estimate damage from other types of disasters, for example, fragility curves can be defined as a function
of flood stage, wind speed, or temperature. FEMA’s HAZUS software can also be used to estimate damage
to water distribution systems from earthquakes and floods [42] [43]. The output from HAZUS can be used
in WNTR to adjust model components and reflect damage states.

3.4 Flexible Controls

Similar to EPANET, network controls in WNTR include time-based and conditional rules that govern how
the network is operated. In EPANET, these controls can be used to change link status (open, closed, or
active) or settings (pump speed or control valve setting). WNTR extends the controls available in EPANET
to include a wide range of component status and settings. For example, conditional controls can be
defined to simulate cascading failures where pipe leaks start when pressures exceed a critical threshold.
Time-based and conditional controls can also be used to start and stop leaks and power outages or to stop
the hydraulic simulation. Hydraulic simulations can also be paused while controls are changed and the
simulation can then be restarted.



3.5 Leak Model

Leaks can cause large changes in network hydraulics. WNTR can be used to explicitly model water lost
due to a leak between the time when it starts and the time when repair crews can isolate the leak by using
available valves. WNTR can simulate leaks at junctions and tanks or at any location along a pipe by splitting
the pipe into two sections and adding a junction connecting the two new pipe sections. Pipe breaks can
be modeled by removing the existing pipe, adding two new junctions with leaks, and adding two new
pipes connecting the new junctions to the network. In this case, the two new junctions are not connected
to each other (preventing flow between the two junctions that were connected by the original pipe). In
WNTR, leaks are modeled with a general form of the equation proposed by Crowl and Louvar [44] where
the mass flow rate of fluid through the hole, d'*®, is expressed as:

d'eak = ¢, A.[2pp® (9)

where Cy is the discharge coefficient (unitless), A is area of the hole (m?), p is the density of the fluid
(kg/m3), and p is the gauge pressure inside the pipe (Pa). The default discharge coefficient is 0.75
(assuming turbulent flow [45]), but the user may specify other values if needed. The value of a is set to
0.5 (assuming large leaks out of steel pipes [45]). As described by Lambert [45], the primary factors
affecting C; and « are flow regime, pipe material, and orifice shape (longitudinal, round, circumferential).
Additionally, both C; and A may vary with pressure. Future development of WNTR will include extension
of Eq. (9) to account for these factors. For example, a linear model may be used to describe the area as a
function of pressure as in [46].

3.6 Pressure-Driven Demand Hydraulics
WNTR uses a PDD model proposed by Wagner et al. [11] :

p—P,
d = Df Pf—;’)o PO <p<Pf (10)

where d is the actual demand delivered to customers (m3/s), Dsis the customers expected demand (m?3/s),
p is the pressure (Pa), Psis the pressure above which the customer should receive the expected demand
(Pa), and Py is the pressure below which the customers cannot receive any water (Pa). Prand P, can be
defined at each node and can be modified by the user. The set of nonlinear equations describing network
pressures and flows comprising the hydraulic model, including (10), is solved directly using a Newton-
Raphson algorithm. However, Newton-Raphson algorithms do not guarantee convergence if the
derivatives of the equations of interest are not Lipschitz continuous [47]. The derivative of the PDD
equation above is not Lipschitz continuous or even continuous; therefore, a cubic Hermite spline is applied
when p is near Pg and Psto enforce continuity.

3.7 Resilience Metrics

Resilience is the ability of a system to minimize disruption and return to normal function after a disaster.
Metrics that quantify resilience need to account for system function before, during, and after the
disruption. Numerous resilience metrics have been suggested [7], including metrics that compute
redundancy, robustness, reliability, rapidity, adaptability, and resourcefulness. For water distribution
systems, these metrics generally fall into four categories: topographic, hydraulic, water quality/security,
and economic. While some metrics define resilience as a single quantity, other metrics are a function of
time, space, or both. For this reason, state transition plots [48], network graphics, and network animation
are useful ways to visualize resilience metrics. When quantifying resilience, it is important to understand
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which metric best defines resilience for a particular disaster or response scenario. For example,
topographic metrics are useful when studying the effect of adding redundant pipes while hydraulic
metrics are useful when studying the effect of pipe breaks. Numerous resilience metrics can be computed
using WNTR. These metrics include shortest path lengths [31], articulation points [31], Todini resilience
index [49], and water service availability [9], among others. Some metrics can also be converted to
capture statistics about the population served. For example, WNTR can be used to compute the number
of people that are impacted by water service availability less than a critical threshold.

The metrics used in the case study below include water service availability and population impacted.
Water service availability is computed as follows:

WSA: = (ZnEN Vnt)/(ZneN I771!5) (11)

where WSA; is the water service availability of the network (unitless) at time t, N is the set of network
nodes, Vy,; is the actual water volume received (m?) at node n at time t, Vnt is the expected water volume
(m3) received at node n at time t. Resilience metrics, like WSA, that depend on expected water demand
can be influenced by changes in customer behavior after a disaster. Water conservation efforts, for
example, change the expected demand of customers. It is important to model expected customer
behavior after disasters to account for the impact this might have on resilience.

Population at each node is computed as follows:
dn
Popn =5 (12)

where pop, is the population at node n, g, is the average water volume consumed per day (m3/day) at
node n under normal conditions, R is the average volume of water consumed per capita per day (m3/day).
For this study, R is set to 0.76 m3/day (200 gallons/day). This calculation does not account for population
movement throughout the day.

The population at a given node is “impacted” by the disruption if they receive less than a fixed percentage
of their expected water volume. Population impacted is computed as follows:

1if Vi /Vpe < T

. (13)
0 otherwise

Pl = ZnEN POP, 6y Where 6, = {

where P, is the population impacted at time t, dy is a binary variable that is set to 1 if V,,; /V,,; is less than
a threshold, 1, and set to zero otherwise. The threshold is set to 80% in the case study below.

3.8 Monte Carlo Simulation

To address the uncertainty associated with modeling potential disasters, Monte Carlo techniques can be
used to simulate multiple realizations or outcomes of a given scenario. WNTR has the capability to allow
characteristics of a disaster scenario to be drawn from statistical distributions. As mentioned above,
fragility curves provide probabilities of the location and severity of a disruption. The duration of the
disruption can also be drawn from statistical distributions. Distributions can be a function of component
properties (e.g., pipe age, material, or joint type), environmental change (e.g., PGA, PVG, or RR), or
available resources (e.g., number of repair crews available). WNTR is compatible with many statistical
distributions and random selection methods that can be used for stochastic simulation. WNTR also
includes the ability to pause the hydraulic simulation, change network operations, and then restart the
simulation. The water network model and simulation results can also be saved to files and reloaded for
future analysis. These features are helpful when evaluating various response action plans and when
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simulating long periods with different time resolution. Standard Python tools can also be used to run
simulations in parallel [35].

4. Earthquake Case Study

The following case study demonstrates multiple capabilities of WNTR that can be used to evaluate
disruptive incidents and repair strategies after an earthquake. Figure 1 shows the network model of a
real water distribution system that is used for the case study [50]. The system serves approximately
152,000 customers and has one reservoir, two valves, 34 tanks, 61 pumps, 3,323 nodes, and 3,829 pipes.
The pipes are made of cast iron, ductile case iron, and polyethylene and the soil type in the region has
various degrees of liquefaction potential (Figure 1). The spatial distribution of these properties was used
to determine pipe fragility, as described below.

An earthquake was assumed to have occurred at 6:00 AM along an N-S fault that parallels a valley on the
west side of the network (Figure 2). In the model, this was 24 hours after the start of the simulation. The
earthquake epicenter was assumed to have occurred at the south, central, or north part of the city, with
a magnitudes of 6.0, 6.5, or 7.0. The hydraulic response of the network was simulated for 14 days after
the earthquake. PDD hydraulic simulations were run using a minimum and nominal pressure of zero and
25 psi, respectively. Inthe simulations, ground movement from the earthquake damaged pipes and tanks,
pumps stopped operating due to either direct damage or power outages, and damaged natural gas
pipelines cause fires. Given the disorder that ensues after an earthquake, especially after large
earthquakes, it was assumed that repairing network components and fighting fires was not possible for
the first 12 hours after the earthquake occurs (note that 12 hours might be too long in some cases and
this value can be adjusted). After that period, fire crews were scheduled to fight fires and repair crews
were scheduled to fix damaged components in the network. Three repair strategies including water
conservation and seismic-resistant pipes were simulated. Network resilience was quantified using two
metrics, water service availability and population impacted, computed using Eqg. 11 and 13, respectively.
To incorporate uncertainty in outcomes, 50 realizations of each of the 27 scenarios were run (three
earthquake locations, three earthquake magnitudes, and three repair strategies).

4.1. Earthquake damage

For this case study, network component damage includes tank and pipe leaks, and pump failure. For each
tank, pump, and pipe, fragility curves were used to define the probability of damage as shown in Figure
3. For tanks, the fragility curves in Figure 3A included four damage states (DS): DS1 resulted in a leak with
diameter 0.05 m, 0.25 m for DS2, 0.5 m for DS3, and 1 m for DS4. For pumps, there was a single damage
state, DS1, associated with pump shut off (Figure 3B). For pipes, there were two damage states: DS1
resulted in a minor leak for which the leak diameter was drawn from a uniform distribution with a
minimum of 0.01 m and a maximum of 0.05 m, while DS2 represented a major leak with a diameter from
0.05m to 0.15 m (Figure 3C). Leaks were added to the midpoint of the pipe, and were constrained to not
to exceed 75% of the pipe diameter.

For each scenario and realization, PGA, PGV, and RR was computed for each network component. Here,
PGA was computed using the average of Eg. 1, 2 and 3. As an example, Figure 4A shows the spatial
distribution of PGA for a magnitude 6.5 earthquake at the central location. PGV was computed using the
average of Eq. 4 and 5. RR was computed using Eq. 6 from PGV and a correction factor that was computed
using Eq. 8 with the default weights defined in [41].

The damage state for each component was then determined stochastically based on the PGA or RR
calculated for the component and a uniform random variable selected for that component. The fragility
curve incorporates both of these values: PGA or RR determines the x-axis value while the random variable
determines the y-axis value. The intersection point of these values determines the damage state for a
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particular component for a single realization. The water network model was then adjusted to reflect the
selected damage: if a pump was damaged, a control was added that changed its status to off; new nodes
were added to the network model to represent leaks. As an example, the location of pipe and tank damage
resulting from a magnitude 6.5 earthquake at the central location is shown in Figure 4B.

While damage to other network components such as reservoirs, turbines, and treatment plants were not
included in this study, similar methods could be used to define the probability of damage to these
components and the network could be modified accordingly.

Fires are important to include when modeling the effects of an earthquake because water utilities are
responsible for maintaining enough capacity to fight fires. For this case study, the locations of fires were
randomly distributed throughout the network. Typical firefighting demands and durations [51] were
added to the network model to simulate the water withdrawal needed to fight one fire every 12 hours
over the full duration of the simulation. For each fire, demand was selected from a uniform distribution
with a minimum of 1500 gallons/min and a maximum of 8000 gallons/min. Duration was selected from a
uniform distribution with a minimum of two hours and a maximum of four hours.

4.2. Repair strategies

Three repair strategies were considered in this case study. For all strategies, repairs began 12 hours after
the earthquake. There were five repair crews to fix pipe damage, two repair crews to fix tank damage,
one repair crew to fix pump damage, and one firefighting crew. In the first repair strategy (RS1), customer
expected demand continued at their normal rate after the earthquake. In the second repair strategy
(RS2), customer expected demand was reduced by 40% for 14 days after the earthquake. This was done
to simulate the impact of water conservation after the disaster. In the third strategy (RS3), the utility
retrofitted pipes near the fault zone to be seismic-resistant and customer expected demand continued at
their normal rate after the earthquake. In this case, pipes in the ‘partial liquefaction’ zone (Figure 1), did
not sustain damage after the earthquake.

The pipe and tank repair crews fixed one leak every 12 hours. Within the first six hours, the leaks were
isolated using valves at the nearest junctions, and the leak was fixed within the next six hours. After the
leak was repaired, the pipe was opened. To stagger repairs, the exact time of isolation and repair were
drawn from a uniform distribution within the first or second six-hour period. Repairs were prioritized
based on the largest cumulative leak volume at the time of each repair. As leak rates can increase or
decrease through time as the pressure fluctuates, this prioritization changed throughout the simulation.
Within WNTR, the simulation was paused every 12 hours, the cumulative leak rates were computed, and
the largest five pipe leaks and largest two tank leaks were scheduled for repair.

The single pump repair crew fixed one pump every eight hours. In this network, the reservoir is near the
lowest point in the network, and pumps are critical to deliver water to customers in the upper sections of
the network. For this reason, pump repairs were prioritized based on pipe distance to the reservoir, with
the closest pump fixed first. Since this prioritization does not include feedback from the simulation, the
simulation does not have to be paused to schedule pump repairs.

For this case study, there was one fire crew to fight a fire every 12 hours, and the fires were fought in a
random order. If the pressure was not sufficient to pull the required water volume, the hydraulic
simulation continued to try to extract the expected demand for the duration of the fire. The difference
between the expected and actual demand was recorded for each fire to measure water service availability
for firefighting.



The earthquake damage and repair strategies used in this case study were based on reasonable
assumptions. These parameters can all be adjusted within WNTR to customize analysis for a specific water
utility and disaster scenario.

4.3 Case study results

Figure 5 shows the results of a single realization of a magnitude 6.5 earthquake at the central location
with RS1. For this realization, 239 pipes were damaged, 7 tanks were damaged, and 14 pumps lost power.
Figure 5 shows the leak rates on all 239 damaged pipes and the tank levels for all 34 tanks as a function
of time. As Figure 5A shows, the leak rates were high until the pipes were repaired. However, as the
network was repaired and pressures increased, new leaks were sometimes discovered and subsequently
repaired, as shown with the leak highlighted in red in Figure 5A. That particular leak was fixed 9.1 days
after the earthquake. Figure 5B shows how tank levels (from both damaged and non-damaged tanks)
varied as components were repaired. In that figure, tank levels from damaged tanks are highlighted in
red. Once the tank was repaired, the tank level is shown in gray. Figure 5B also shows that some tanks
that were not damaged by the earthquake can drain due to damage at other locations in the network.

Figure 6, Figure 7, and Figure 8A show the results for 50 realizations of the same earthquake magnitude
(6.5), location (central), and repair strategy (RS1). For each realization, different network components
were damaged as defined by the probability distribution functions in the fragility curves and by different
fire demands assigned to different locations. Similarly, pipes and tanks were repaired in a different order
according to the prioritization for leak repair and fires were fought in a random order. Figure 6 shows the
water service availability of the network over time, reflecting the proportion of customer expected
demand that was actually delivered for the entire network. As the customer expected demand vary on a
diurnal cycle, so does the water service availability. A day after the earthquake, water service availability
varied from about 45% to more than 60%, showing the potential range in outcomes for the same scenario.
The median value (in black) reached a low of 54% and slowly returned to full service at 6.58 days after the
earthquake. The median value was used here to compute a recovery time, defined as the time when the
system could deliver 90% of the pre-earthquake water volume to customers.

Figure 7 shows the firefighting capacity for the same 50 realizations. Firefighting capacity is defined as
the water service availability at the nodes where fire demand was added to the system. The quantity is
computed at the same frequency as the fires occur, which is 12 hours in this case. The results show that
firefighting capacity varies widely and slowly recovered over the 14 day simulation. After one day,
firefighting capacity varied from about 15%-85% for the 25 to 75 percentile scenarios, but ranged from
about 75%-100% by the end of the 14 days.

Figure 8 shows the population impacted for each of the 50 realizations. With no conservation efforts
(RS1) between 70,000 and 100,000 people were impacted a day after the earthquake, receiving less than
80% of their expected water volume. Based on the median value of the 50 realizations, almost 90,000
people were impacted. The recovery time was defined as the time when less than 10% of the population
was impacted. For RS1, it took 7.08 days to meet this level. Figure 8B shows the same results when water
conservation efforts were in place (RS2) immediately following the earthquake. This shows that the
population impacted was much lower with conservation strategies in place. Based on the median value,
approximatly 53,000 people were impacted, and the time to recovery was reduced to 4.04 days. Figure
8C shows results when pipes were retrofitted to be seismic-resistant near the fault line. These results
show dramatic reduction in the number of people impacted and the time to recovery, median result
indicate that less than 26,000 people were impacted and the time to recovery was just 1.58 days after the
earthquake.
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Table 1 and Table 2 summarize the minimum water service availability, maximum population impacted,
and time to recovery for each magnitude, location, and repair strategy. These values were computed
using the median value for each scenario over all 50 realizations. As expected, water service availability
decreased and population impacted increased as the earthquake magnitude increases. Unsurprisingly,
the location of the earthquake also had an impact on water service availability and population impacted.
Earthquakes at the northern location, further from the city, had less of an impact than earthquakes
occurring in the city. Given RS1 conditions, earthquakes of magnitudes 6.5 or greater at the south and
central locations impacted the network almost equally. To further illustrate this point, Figure 9 shows the
distribution of maximum population impacted over all 50 realizations when the earthquake was located
at the north, central, and southern epicenter and RS1 is used. This comparison shows that while location
can have a large influence on population impacted, the results can vary widely depending on the specific
network damage and response strategy. Table 1 and Table 2 also illustrate that both water conservation
and earthquake resistant pipes in the liquefaction area helped to increase overall water service availability
and decrease population impacted. Under most scenarios the use of earthquake resistant pipes was
slightly more effective than water conservation, however, earthquake resistant pipes were significantly
better for earthquakes occurring the central location near the retrofitted pipes.

Overall, these results indicate that this network could expect to withstand a magnitude 6.0 earthquake
with only 2-15% reduction in water service availability, and less than 34,000 customers impacted. In
contrast, a magnitude 7.0 earthquake could be expected to affect more than 85% of customers, result in
a minimum water service availability of 0.27-0.35, and require more than 14 days to recover. This case
study is intended to illustrate how water utilities could use WNTR to evaluate disruption and resilience-
enhancing actions following an earthquake. Similar analysis could be used to evaluate other types of
disruptions and utility specific data could be used to validate the model.

5. Summary and Conclusions

Drinking water systems are subject to a wide range of hazardous incidents that can disrupt service to
customers and damage critical infrastructure. This paper introduces WNTR, a new open source Python
package designed to help water utilities investigate resilience of water distribution systems to a wide
range of hazardous scenarios and to evaluate resilience-enhancing actions. Unlike current modeling tools,
WNTR integrates hydraulic and water quality simulation, a wide range of damage and response options,
and resilience metrics into a single framework, allowing for a seamless evaluation of water network
resilience. The software can help water utilities estimate potential damages, understand how damage to
infrastructure would occur over time, evaluate preparedness strategies, prioritize response actions, and
identify worse case scenarios, efficient repair strategies, and best practices for maintenance and
operations.

While a few modeling tools have been developed that focus on evaluating the resilience of water networks
after an earthquake, WNTR was designed to simulate a wide range of disaster scenarios, including
earthquakes, contamination incidents, and power outages. The software includes methods to predict
infrastructure damage using fragility or survival functions, and other approaches can be added using the
flexible Python environment. WNTR allows the user to change features of the network model to reflect
damage, and initiates leaks in pipes or tanks as necessary. By simulating hydraulics using PDD the effects
of pipe breaks or damaged tanks on system pressures and delivered water volumes is more accurately
predicted. Moreover, WNTR allows for simulation to continue even when parts of the water system are
isolated and unable to provide water to customers. In this way, WNTR is able to estimate the performance
of a drinking water system during extreme failures which is a significant advancement from current
modeling tools. WNTR also provides more flexibility by allowing the user to change system controls and
model components mid-simulation.
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In this paper, several response strategies were demonstrated including fixing pipe leaks, repairing tanks,
restoring power to pumps, fighting fires, and implementing conservation strategies. WNTR can also be
used to simulate the response to contamination events by, for example, flushing contaminated water
from hydrants or instituting do-not-drink orders. Mitigation strategies, such as installing online
monitoring early warning systems, can also be modeled within WNTR. Optimization of response and
mitigation strategies is an area of ongoing research that could be added to WNTR in the future.

WNTR contains a wide variety of metrics that can serve as indicators of resilience, including topographic,
hydraulic, and water quality measures, some of which are measured at the node or pipe level and some
at the system-level. For this paper, two metrics were used: water service availability and population
impacted. These are system-level metrics reflecting the ability of the entire water system to withstand
and recover from disasters. These types of metrics can be used to compare a water system’s resilience
across different types of disasters, and to measure improvements in resilience based upon newly
implemented mitigation actions or planned response strategies. In this context, itis important to consider
how different system functions recover (i.e. firefighting capacity, water availability, water quality) when
customers are asked to conserve resources. Further research is needed to assess the most useful
resilience metrics for water systems and to fully understand how systems-level metrics embody resilience
characteristics.

Future development will focus on modeling critical interdependencies with other infrastructure sectors,
such as the electrical sector, simulation and analysis of additional disaster scenarios based on real events,
optimization of response actions, and network design or retrofit strategies that improve resilience. In
addition, the effect of customer behavior after a disruption (e.g., evacuation, water conservation,
disruption to work schedules) will be further studied and incorporated into WNTR.
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Figure 1. Water distribution network model showing A) pipe material and B) liquefaction potential.
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Figure 2. Water distribution network model showing the fault line (dashed red line), node elevation, and
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Tables

Table 1. Minimum water service availability (WSA) and recovery time for each earthquake magnitude,
location, and repair strategy. Values are computed using the median of the 50 realizations. A recovery
time of 0 means that the median value never went below 90% water service availability.

South Location Central Location North Location
Recovery Recovery Recovery
Minimum | Time in | Minimum | Time in | Minimum | Time in
Repair Strategy | Magnitude | WSA Days WSA Days WSA Days
Rs1 6.0 0.88 1.04 0.85 1.08 0.98 0.00
Pipe, tank,
(Pip ; 6.5 0.53 6.04 0.54 7.00 0.65 4.04
pump repair &
firefighting) 7.0 0.28 14.00+ 0.27 14.00+ 0.35 14.00+
Rs2 6.0 0.98 0.00 0.97 0.00 1.00 0.00
RS1 ith 40%
(RS1~wi °| 6.5 0.66 3.08 0.67 4.00 0.79 1.58
water
conservation) 7.0 0.37 14.00+ 0.35 14.00+ 0.45 9.04
— 6.0 1.00 0.00 1.00 0.00 1.00 0.00
(RS1 with
e B 6.5 0.83 1.08 0.87 1.08 0.93 0.00
pipes) 7.0 0.45 6.04 0.50 6.04 0.60 4.04

Table 2. Maximum population impacted and recovery time for each earthquake magnitude, location, and
repair strategy. Values are computed using the median of the 50 realizations. A recovery time of 0 means
that the median value never went above 10% population impacted.

South Location Central Location North Location
Recovery Recovery Recovery
Max Pop. | Time in | Max Pop. | Time in | Max Pop. | Time in
Repair Strategy Magnitude | Impacted | Days Impacted | Days Impacted | Days
RS1 6.0 27142 1.08 33902 1.58 2548 0.00
(Pipe, tank,
. 6.5 90736 7.00 89387 7.08 71520 4.58
pump repair &
firefighting) 7.0 127398 14.00+ 129232 14.00+ 118908 14.00+
RS2 6.0 4378 0.00 4260 0.00 302 0.00
(RS1 with 40%
6.5 57167 3.58 53492 4.04 32260 2.00
water
conservation) 7.0 104194 14.00+ 105814 14.00+ 89560 10.00
RS3 6.0 551 0.00 1060 0.00 646 0.00
(RS1 with
.. . 6.5 36984 1.58 25940 1.58 13971 0.00
seismic-resistant
pipes) 7.0 104518 6.04 93146 7.04 73782 4.08
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