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Abstract

The firefighting capacity of water distribution networks following earthquakes is essential
for achieving the Sustainable Development Goals on resilient infrastructure and sustainable
communities. Isolating broken pipes to curb leakage can preserve water supply, but the
effects of such operations on post-earthquake firefighting remain incompletely understood.
Here, we develop an improved valve closure decision method for post-earthquake firefight-
ing that balances leakage reduction with water transmission capacity. Using this method as
a basis, we examine how ground motion intensity, domestic water curtailment, firefighting
flow, the number and spatial distribution of fires, valve layout, and valve closure policy
jointly affect firefighting. A case study on a benchmark network shows that the valve
closure scheme generated by the decision method reduces leakage by about 60–75% under
spatially dispersed fires and the N − 1 valve layout. Compared with no isolation, it also
raises delivered firefighting flow from under 20% to over 80% of the design value. On
average, these schemes deliver flow 5–10% below the optimal scheme. Valve placement,
however, has a strong influence: under the N − 2 layout, alternative placements can alter
delivered flow by 10–20%. Adverse conditions—widespread pipe leakage caused by strong
ground motion, hydraulic overload from clustered fires or firefighting flow surges, and
sharp pressure reductions at fire nodes in low-pressure zones owing to excessive flow
or leakage—can prevent the schemes from improving firefighting flow. These findings
indicate that effective firefighting requires a combination of rational valve placement and
closure schemes with seismic retrofitting of pipes and fire hazard mitigation.

Keywords: water distribution networks; post-earthquake firefighting capacity; isolation
valve system; valve-closure scheme; seismic resilience; sustainable infrastructure

1. Introduction
Building disaster-resilient infrastructure and cities is integral to the United Nations

Sustainable Development Goals (SDGs) 9 and 11. The severe threats posed by earth-
quakes make seismic resilience a core concern in sustainable urban development [1]. Apart
from damage to infrastructure and buildings, post-earthquake fires (PEFs) [2] often cause
substantial secondary losses. For example, the 1906 San Francisco earthquake caused
approximately USD 400 million in fire-related losses, accounting for 80% of total losses [3];
the 1923 Kanto earthquake saw fires spread across 36 km2 and destroy approximately
450,000 houses [4]. Reducing PEF risk is therefore vital for enhancing seismic resilience.
Alongside eliminating fire hazards (e.g., flammable material leaks) [5], strengthening
the firefighting capacity of water distribution networks (WDNs) is essential for effective
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fire suppression. WDNs are essentially the only reliable source of firefighting flow [6].
However, wide seismic damage often degrades water supply capacity, and insufficient
firefighting flow leads fires to spread uncontrollably [7]. Given the central role of WDNs in
post-earthquake response, their firefighting capacity requires detailed investigation.

Assessing post-earthquake WDN functionality has long been a major research focus.
The Federal Emergency Management Agency [8] and the American Lifeline Alliance [9]
provide damage-probability models and procedural guidance for evaluating seismic im-
pacts on WDN infrastructure. Analysts typically apply Monte Carlo simulation to generate
stochastic damage scenarios and then use hydraulic models to compute demand satisfac-
tion, thereby estimating post-earthquake functionality [10–12]. This workflow has been
implemented in widely used programs such as GIRAFFE [13], REVAS.NET [14], and
WNTR [15], yielding a largely standardized assessment framework. Firefighting flows far
exceed domestic demand and must satisfy stringent pressure requirements, thus placing
greater demands on hydraulic capacity. Accordingly, this framework has been extended to
improve post-earthquake firefighting capacity and to analyze the mechanisms that affect it.
We define firefighting capacity as the extent to which available firefighting flow satisfies re-
quired firefighting flow [6]. Optimization approaches have been employed to preserve the
capacity by improving seismic retrofit for pipes [16,17]. Analytical studies have identified
several constraints on the capacity, including pipe damage rate [6,18], the characteristics of
water demand and PEFs (e.g., domestic demand, ignition rate, required firefighting flow,
and fire location [6]), fire clusters immediately after an earthquake [19], and tank levels [20].
These studies have deepened the understanding of post-earthquake firefighting capacity
and its influencing factors, yet how isolating broken pipes using the isolation valve system
(IVS) affects this capacity remains insufficiently addressed.

Isolating broken pipes to curb leakage can effectively restore pressure and preserve
supply capacity [21,22]. Because valves are not typically installed at both ends of each pipe,
the IVS partitions a WDN into segments, each comprising multiple pipes. Consequently,
isolating a broken pipe requires shutting down all pipes within the same segment. This
practice can disrupt trunk mains, with profound impacts on hydraulic performance and
water quality [23]. Recent studies aimed at quantifying and managing these outcomes fall
into two categories: (1) assessment of valve closure impacts and, on this basis, optimization
of valve placement and identification of key valves or segments, and (2) development
of valve closure schemes for emergency responses. Assessment studies combine graph-
based metrics with hydraulic indicators to evaluate how pipe isolations affect supply
capacity [24,25]. Optimization studies treat valve locations as decision variables and
the number of valves as a constraint, with the objective of minimizing the impact of
isolation during disruptive events [26,27]. Identifying critical valves or segments aims to
direct retrofit resources toward components whose failure or isolation causes the greatest
propagation of impacts, thereby enhancing system reliability cost-effectively [28,29]. Real-
time isolation schemes determine which valves to close and the sequence of closure [30],
and they combine these actions with pump-speed and pressure control [31–33] to maintain
water supply under failure conditions.

Unlike domestic demand addressed in these studies, firefighting flow is much larger
and subject to stringent pressure requirements, making it more vulnerable to pipe isolation.
Isolation disrupts network loops and cuts off important pipes on which firefighting flow
depends, thereby more readily interrupting flow to numerous hydrants [34,35]. Most stud-
ies focus on a single-pipe break, isolating it by closing all valves in its segment. However,
earthquakes often cause numerous breaks, and such simple isolation would take far more
pipes out of service. With insufficient or improperly located valves, post-earthquake
serviceability drops sharply and the recovery process becomes more uncertain [36].
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Zhang et al. [37] also found that improper isolation can interrupt water supply for firefight-
ing and medical use during post-earthquake peak demand periods. To secure supply to
firefighting and medical nodes, Li et al. [38] identified paths with the greatest transmission
capacity from water sources to those nodes and, while preserving the connectivity of those
paths, determined which broken pipes could be isolated. They assigned smaller weights
to pipes with larger transmission capacity and determined these paths using a Dijkstra’s
algorithm. This approach identifies pipes to be isolated within 20 s of computation, meeting
the 48 h post-earthquake response requirement. However, requiring full connectivity of
the highest-capacity paths prevents isolating broken pipes whose segments overlap those
paths, potentially leaving some leaks inadequately controlled and thus limiting gains in
firefighting flow.

To address this limitation, one feasible approach is to avoid enforcing full connectivity
of the highest-capacity paths and instead modestly reduce the capacity to isolate additional
pipe breaks, thereby limiting leakage while largely preserving water delivery. It is also im-
portant to recognize that a WDN’s firefighting capacity is governed by multiple constraints.
Under extensive seismic damage with multiple simultaneous fires, it remains unclear under
what conditions this scheme can increase firefighting flow. We tackle these two problems
and make two main contributions:

(1) Building on the method proposed in [38], we introduce an adjustable mechanism
that relaxes the requirement for full connectivity along highest-capacity paths. The
mechanism allows a controlled reduction in transmission capacity from water sources
to fire nodes to isolate a larger set of broken pipes and thereby reduce leakage more
effectively. By analyzing how firefighting capacity responds to different levels of
capacity reduction, decision-makers can choose the isolation scheme that best meets
their objectives.

(2) We integrate the improved valve closure decision method into a comprehensive
analytical framework to examine how ground motion intensity, domestic water con-
sumption, firefighting flow, the number and spatial distribution of PEFs, valve layout,
and the relaxation mechanism in the valve closure scheme jointly influence firefighting
capacity. Applied to a benchmark WDN, we quantify the resulting changes.

2. Method
2.1. Overview

Figure 1 summarizes the proposed method, whose main body comprises three mod-
ules detailed in Sections 2.2–2.5.

The first module generates seismic damage scenarios for the WDN and PEF scenarios.
Seismic damage realizations are sampled from seismic fragility models to represent compo-
nent failure states in WDNs. PEF scenarios are sampled from ignition models to capture
the spatial distribution of fires and the associated firefighting-demand patterns. These
two scenario sets are paired to generate a seismic damage–firefighting scenario ensemble.
Both scenario types are simulated in WNTR 1.5.0 [39], which employs the EPANET 2.2.0
simulation engine [40].

The second module establishes a valve closure decision method. After mapping the
relationships among pipes, segments, and isolation valves, we compute the flow contribution
of each water source to every fire node and the hydraulic resistance from sources to fire
nodes. We then combine these two measures to define each fire node’s flow availability.
Valve closures are constrained so that the resulting reduction in flow availability remains
within an acceptable range, thereby limiting their impact on firefighting flow.
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Figure 1. Method framework.

The third module proposes a framework for assessing a WDN’s firefighting capacity.
For each seismic damage–firefighting scenario, we generate a valve closure scheme and
then perform a pressure-driven analysis [41] to compute available firefighting flow at each
fire node. The firefighting capacity is quantified by the firefighting flow satisfaction rate,
defined as the ratio of available to required firefighting flow; leakage rate and pressure are
applied to corroborate capacity gains from isolating pipe breaks. We further elucidate how
multiple influencing factors jointly determine firefighting capacity.

2.2. Modeling WDN Seismic Damage Scenarios

Seismic fragility models [9] fitted to historical damage data provide empirical probabil-
ities that facilities will reach specific damage states under a given ground motion intensity.
Buried pipes traverse wide areas and varied site conditions, so they often cross seismically
unfavorable zones. Retrofitting pipes is generally harder and costlier than retrofitting
localized facilities (e.g., water treatment plants). Historical records also show that pipe
damage occurs far more often than damage to other components [42]. Therefore, this study
focuses on pipe fragility to simplify scenario generation while preserving the dominant
contributor to post-earthquake supply loss. Valve failures are excluded because assessing
valve-closure schemes and layout effects requires a functioning IVS, and including valve
failures would add complexity that confounds the analysis.

Seismic damage in pipes is classified as either breaks or leaks, and the probability of
each mode depends on whether permanent ground deformation occurs [8]. For instance, if
no permanent ground deformation occurs, breaks account for 20% of damage cases and
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leaks for 80%; thus, their probabilities are 0.2 and 0.8, respectively. Schematic diagrams
of pipe damage are shown in Figure 2a,b, where qleak denotes the leakage rate (m3/s). A
break severs the pipe and stops flow, whereas a leak leaves the pipe partially functional.
Figure 2c,d present the EPANET models for calculating qleak. The parameter settings of the
virtual node (VN), check valve (CV), and virtual reservoir (VR) are detailed in [43], and the
method to calculate qleak is provided in [13]. Each damage point is modeled as a VN. For
breaks, CVs on both sides prevent flow through this pipe. VN links to VR via a virtual pipe
that conveys the leakage flow. The pipe is assigned a minor loss coefficient of 1.0 and an
infinite roughness coefficient, so head loss is attributed to the minor loss. A CV prevents
reverse flow when pressure is negative. The leakage rate from a break, qleak

B , and that from
a leak, qleak

L , are respectively defined as follows [13,15]:

qleak
B =

πD2

4

√︂
2g(PVN − PVR), (1)

qleak
L = AL ·

√︂
2g(PVN − PVR), (2)

where D is the pipe diameter, g is gravitational acceleration (m/s2), PVR and PVN are the
pressure heads (m) at VR and VN, respectively, and AL is the leak area (m2). As an example,
Table 1 lists the AL of common leak forms of ductile iron pipes [13].

Figure 2. Schematic and simulation models of pipe seismic damage. Schematics of (a) breaks and
(b) leaks. Simulation models of (c) breaks and (d) leaks.

Table 1. Probabilities and leak areas for ductile iron pipes.

Leak Form Probability Leak Area Description

Circumferential joint loosening 0.8 3πD D is pipe diameter (m);
LC is longitudinal crack length
(m).

Longitudinal cracking 0.1 0.1LCD
Pipe breach 0.1 0.0025πD2

The distance from a pipe’s start node to the k-th damage point, Lk, is defined as
follows [13]:

Lk = Lk−1 −
ln(1− µL)

rR
, (Lk ≤ L, L0= 0), (3)

where µL ∈ (0, 1) is a uniform random number, L is the pipe length (m), and rR is the repair
rate. rR represents the expected number of damage points per unit length of pipe and is
defined as follows [44]:

rR = CR × 2.88× 10−6 × (980× pga− 100)1.97, (4)

where pga is the peak ground acceleration (in units of g); CR is a correction coefficient
accounting for pipe material, diameter, and geological conditions; 2.88× 10−6 and 1.97 are
regression coefficients fitted to damage data; 980 is the unit conversion factor between g and
cm/s2; and 100 is the threshold acceleration below which damage is assumed negligible. A
seismic damage scenario is generated using the following steps:

Step 1. Calculate rR for each pipe using Equation (4).
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Step 2. Select one pipe and initialize the counter k = 1. Generate a random number µL

and calculate Lk using Equation (3). If Lk < L, generate the k-th damage point, let k = k + 1,
and repeat the process until Lk ≥ L.

Step 3. For each damage point, generate a random number µ1 ∈ (0, 1). If µ1 > 0.8,
construct the break model at this point. Otherwise, construct the leak model at this point
and generate another random number µ2 ∈ (0, 1) to determine the leak form. For ductile
iron pipes, for example, the forms are circumferential joint loosening, longitudinal cracking,
and pipe breach when µ2 ≤ 0.8, 0.8 < µ2 ≤ 0.9, and µ2 ≥ 0.9, respectively.

Repeating this process NS times yields a sample of seismic damage scenarios.

2.3. Modeling Post-Earthquake Firefighting Scenarios

Firefighting scenarios are characterized by the timing and location of PEFs. Historical
data indicate that the highest incidence of fires occurs during the first few hours after the
main shock, accounting for about 20% of all PEFs [8]. Because firefighting typically contin-
ues for at least 2–6 h [15,37], fires that ignite within this interval can overlap temporally.
Such overlapping incidents severely strain a WDN’s firefighting capacity, making them a
critical and conservative scenario for capacity assessment [6,19]. Accordingly, we evaluate
firefighting capacity under multiple-fire conditions. We use a static ignition model [45] to
estimate the mean number of PEFs, Nfire, as follows:

Nfire = rI · AF, (5)

rI = 0.0042 + 0.5985 · pga, (6)

where AF is the total building area (105 m2), and rI is the ignition rate. The nodal probability
of ignition depends on factors such as building density and the presence of combustible
materials. In the absence of this data, NF = 0.2Nfire nodes are randomly sampled from the
full set to generate one scenario, and this process is repeated NS times to yield a scenario
set. This stochastic sampling denotes fire occurrence under general conditions.

The spatial distribution of fire nodes influences whether required firefighting flows
can be met. Nodes located far from water sources typically have limited pressure margins,
and additional head losses from leaks often prevent the required flows [6,18]. By contrast,
nodes with sufficient pressure are more resilient to these adverse effects. Accordingly, we
use a stress test to assess the effects of placing NF fire nodes in pressure-sufficient versus
pressure-deficient areas, which represent favorable and adverse firefighting scenarios,
respectively. We identify pressure-sufficient and pressure-deficient nodes as follows:

Step 1. Generate a sample of seismic-damage scenarios for the WDN (see Section 2.2).
Step 2. For each scenario, designate each node in turn as the fire node and compute

the firefighting flow satisfaction rate for that node across all scenarios (see Equation (10)).
Step 3. Classify nodes by their average firefighting flow satisfaction rates. Following

the failure threshold used in [46], we adopt 0.6 to mark severe deficiencies in firefighting
flow. Accordingly, nodes with satisfaction rates below 0.6 are labeled pressure-deficient,
and those with rates above 0.8 are labeled pressure-sufficient.

Figure 3 presents the simulation model of firefighting flow using the method in [19].
The fire node is connected in series to an emitter (EM) through a flow control valve (FCV)
and a CV. The FCV limits the firefighting flow qfire

i (m3/s) transmitted in the virtual pipe to
the required flow Qfire

i (m3/s), and the CV prevents reverse flow resulting from negative
pressure. The EM coefficient γ is set to 100 times Qfire

i , and its elevation is set to the
elevation of node i plus the required firefighting pressure Pfire (m) [40]. When the node’s
pressure Pi satisfies Pfire, qfire

i = γ · (Pi − Pfire)
0.5; otherwise, qfire

i = 0.
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Figure 3. Simulation model of firefighting flows.

2.4. Valve Closure Decision Method

Figure 4 illustrates qleak for different damage states in ductile iron pipes, calculated
using the models in Section 2.2. Pipe diameters vary from 0.1 to 1.0 m, covering common
sizes from distribution branches to transmission mains. Pressures of 5, 10, 15, and 20 m are
representative values that span typical firefighting conditions from insufficient to adequate
pressure. Leakage from a break increases more rapidly with pipe diameter, reaching
10–100 times the leakage of a comparably pressurized leak of the same diameter. This large
outflow and its resulting pressure reduction underscore the importance of isolating pipe
breaks to restore water supply capacity [30,37].

Figure 4. Leakage rates of damaged pipes under different failure types. (a) Pressure = 5 m. (b) Pressure
= 10 m. (c) Pressure = 15 m. (d) Pressure = 20 m.

The algorithm defining relationships among segments, valves, and pipes is presented
in [47]. The procedure for choosing which valves to close and for determining the resulting
isolated segments is detailed in [21]. Because firefighting flow is computed on the residual
WDN after isolation, the valve closure scheme reports the set of isolated pipes rather than
closed valves. As shown in Figure 5, isolating the break on L11 severs L7, L10, and L14 and
also isolates the downstream pipes L8, L12, and L15. Thus the scheme removes {L7, L8, L10,
L11, L12, L14, L15} from the network before computing firefighting flow. To prevent such
cascading isolation from obstructing required firefighting flows, valve closure schemes
must balance leakage reduction against the impact of isolation. Therefore, we improve the
valve closure decision method in [38] in two ways.

https://doi.org/10.3390/su182110882
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Figure 5. Schematic illustration of the pipe-isolation procedure: (a) valve placement; (b) segment
division; (c) isolation of damaged pipes.

First, we replace flow with a Hazen–Williams (HW) resistance coefficient [40] to
represent pipe transmission capacity. Reductions in domestic demand and increases
in firefighting flow can change flow distribution, so using normal-condition flows to
quantify capacity may understate post-earthquake transmission potential. Because flow
preferentially follows the minimum-resistance paths from sources to nodes, we treat that
path as the highest-capacity path. Looped WDNs transmit flow from source to fire nodes
along multiple paths. K-shortest path algorithms [48] tend to yield paths that share a
large portion of pipes and exhibit marginal differences in resistance, particularly when K is
small. Consequently, they can neglect alternative paths that are largely independent of the
shortest path but nonetheless offer high transmission capacity. To ensure both redundancy
and substitutability, we therefore identify independent paths that retain relatively high
transmission capacity.

Second, we introduce a relaxation threshold θ to represent the tolerance for reductions
in transmission capacity. We select the closure scheme that meets the threshold and isolates
the largest number of pipe breaks. If multiple schemes remain feasible, we choose the one
that minimizes the reduction in transmission capacity.

Figure 6 shows the algorithmic procedure.
Step 1. For each fire node, construct a firefighting simulation model and apply tracer

analysis to quantify the flow contribution of each water source. Denote the flow from
source node s to fire node i as qfire

s→i; larger values indicate a greater contribution of s to i.
Step 2. Convert the WDN into an undirected, weighted graph G. Assign each edge a

weight equal to the resistance coefficient, 10.67C−1.852D−4.871L, where C, D, and L denote a
pipe’s roughness coefficient, diameter (m), and length (m), respectively. For each source–
fire-node pair, we first find the shortest path and remove the edges along that path. We
then identify the shortest path in the updated network and remove those edges, repeating
this process until no source retains a path to the fire node. The equivalent resistance of
these independent paths from s to i, ls→i, is defined as follows [49]:

ls→i =
(︂
∑k l−1/n

s→i,k

)︂−n
, n = 1.852, (7)

where ls→i,k denotes the k-th high-capacity path from s to i.
Step 3. Let Nbreak and nclose (Nbreak ≥ nclose ≥ 0) represent the numbers of pipes with

breaks (broken pipes) and of closed pipes, respectively. Let nclose = Nbreak by prioritizing
closure of all broken pipes to maximize leakage reduction.
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Figure 6. Valve closure decision procedure.

Step 4. If nclose > 0, enumerate combinations of nclose broken pipes; each combination
represents a valve closure scheme. If nclose > 0, then proceed to Step 5; otherwise, no
feasible scheme is produced, and the procedure terminates.

Step 5. For each combination in Step 4, identify pipes to be isolated and remove them
from G. For each fire node i, recompute the equivalent resistance, Ls→i, using the updated
network. In the HW formula, h f ∝ li→j ·Q1.852

i→j , indicates that the flow rate Qi→j at a given
head loss h f is inversely proportional to the 1/1.852 ≈ 0.54 power of the resistance li→j.
Accordingly, the effect of isolation on the transmission capacity at node i is defined as

fi = ∑s ws→i

(︃
ls→i
Ls→i

)︃0.54
, (8)

ws→i =
qfire

s→i

∑s qfire
s→i

, (9)

where ws→i denotes the relative contribution of s to i, and ls→i/Ls→i denotes the reduction
in transmission capacity. Because ∑ ws→i = 1 and ls→i,0/ls→i ∈ (0, 1], fi ∈ [0, 1]. fi captures
firefighting flow availability. Sources often contribute unevenly to the flow at a fire node.
Valve closure that increases the resistance between the high-contribution source and the
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node can reduce fi and potentially prevent the node from receiving flow. Therefore, as fi

approaches 1.0, the likelihood of achieving sufficient flow increases. After examining all
closure schemes and computing fi for each fire node, proceed to Step 6.

Step 6. If all fire nodes connected to water sources satisfy f ≥ θ, the scheme is
considered feasible. If multiple feasible schemes exist, compute min{ fi} for each and select
the scheme that maximizes this value. Terminate the algorithm after producing the scheme.
If no feasible scheme exists, set nclose ← nclose − 1 and return to Step 4. Since f ∈ [0, 1],
it follows that θ ∈ [0, 1]. Across networks, ground-motion intensities, and fire scenarios,
a given θ can correspond to different firefighting flows. As θ approaches 1.0, allowable
increases in resistance are limited, fewer pipes are isolated, and the scheme becomes more
conservative. Conversely, as θ approaches 0, more breaks are allowed to be isolated, but
firefighting flow may diminish. Decision-makers should map firefighting flow against θ

over [0, 1] to identify an appropriate θ interval.
Pipe breaks are readily detected because they produce marked hydraulic anomalies,

whereas leaks are often hard to identify. Paez et al. [46] indicates that, for pipes under
300 mm, a leak typically remains undetected unless its rate reaches 2.5 L/s. Using these
data, Zhang et al. [37] found that approximately half of pipe damage—primarily leaks—is
detected only after a complete inspection 48 h post-earthquake. Consequently, during the
first few hours when fires are most concentrated, decision-makers typically lack sufficient
hydraulic information to produce schemes that maximize firefighting flow. The method
from [38], as improved here, selects post-closure network states that remain close to normal
operation. For each fire node, it prioritizes sources that contribute the most under normal
conditions so those sources remain effective. In other words, closures should limit the
reduction in transmission capacity from prioritized sources to the fire node within an
acceptable range. Although a normal-condition baseline may not be optimal, it provides a
practical alternative when post-earthquake hydraulic information is incomplete, and its
minimal computational cost meets emergency-response timeliness requirements.

2.5. Assessment of Post-Earthquake Firefighting Capacity
2.5.1. Assessment Metrics

The assessment metrics include the firefighting flow satisfaction rate, the leakage rate,
and the residual pressure. We use the average firefighting flow satisfaction rate at each fire
node to quantify firefighting capacity. The average flow satisfaction rate Fi,fire for fire node
i across all scenarios is defined as

Fi,fire =
1

NS

NS

∑
s=1

qfire
i,s

Qfire
i,s

, (10)

where qfire
i,s and Qfire

i,s are the available and required firefighting flow (m3/s) at node i in
scenario s, respectively. The average satisfaction rate across all fire nodes, ∑ Fi,fire/Nfire, is
defined as the system firefighting capacity Ffire.

Examining the relationship between firefighting flow and leakage clarifies how valve
closure enhances firefighting capacity. We use the leakage rate Fleak to quantify the effec-
tiveness of leakage reduction:

Fleak =
1

NS

NS

∑
s=1

∑
i

qleak
i,s , (11)

where qleak
i,s is the leakage rate (m3/s) at damage point i in scenario s. If point i is isolated,

then qleak
i = 0. As Fleak approaches 0, overall leakage reduction becomes more effective.

Excess flows for domestic and firefighting demands increase head loss, which lowers
pressure and thus constrains available firefighting flow. We quantify pressure changes
using the normalized residual pressure index Pi, defined as

https://doi.org/10.3390/su182110882
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Pi =
Pi,res

Pi,0
, (12)

where Pi,res and P0 denote the pressure (m) at node i under damaged and normal conditions,
respectively. The mean value of Pi across all nodes, Psys, reflects the network’s ability to
maintain pressure. Water curtailment and leakage reduction lower excess flow in the
network, thereby reducing head loss and increasing Psys. Accordingly, Psys captures the
hydraulic improvement achieved by these two measures.

2.5.2. Sensitivity Analysis for Firefighting Capacity Drivers

The performance of these metrics depends on multiple intrinsic and external factors
of a WDN. Based on prior studies [6,18], ground motion intensity, valve layout, domestic
water curtailment, required firefighting flow, the number and spatial distribution of fires,
and closure scheme are identified as the primary drivers. We apply sensitivity analysis to
quantify the joint effects of these factors on firefighting. The underlying mechanisms and
parameter settings for each factor are described below.

Ground motion intensity determines the extent of WDN damage. Leakage from
damaged pipes fundamentally compromises a WDN’s ability to deliver firefighting flow.
We generate seismic damage scenarios across different pga values to examine this factor’s
influence on firefighting capacity.

Valve layout determines segment size and thus the probability that valve closure will
interrupt water supply over large areas. We examine firefighting capacity across three
layouts: N, N − 1, and N − 2 [47]. The N layout places valves at both ends of every
pipe, making it an ideal layout for comparative analysis rather than a practice in real
WDNs. The N − 1 and N − 2 layouts are more typical; they remove 1 or 2 valves per
node, respectively, reducing installation and maintenance costs while retaining operational
flexibility. Compared with random layouts, these strategic schemes produce a more uniform
valve distribution given the same total number of valves.

Reasonable limits on domestic water use reduce network head loss, which improves
pressure and is essential for maintaining post-earthquake supply [15]. Required domestic
water is modeled as the base demand multiplied by a coefficient λ ∈ [0, 1]; λ = 0 denotes
complete curtailment of domestic water, while λ = 1 indicates no restriction. We examine
the effect of water curtailment across a range of λ values.

Firefighting flow alters pressure by changing head loss and thus affects available
firefighting flow. Environmental hazards, such as fire spread, can drive required firefighting
flow above the design value. Here, we model required flow as the design flow multiplied
by a coefficient µ ≥ 1; larger µ denotes greater required flow. We examine the required
flow over a range of µ values.

The number of fire nodes determines the total firefighting flow required by the system.
In low-pressure areas, available flow often falls short of demand, and clusters of fire
nodes can depress local pressure and reduce supply. We therefore consider three fire
scenarios: (1) stochastically distributed nodes representing general conditions; (2) nodes
located in pressure-sufficient or -deficient areas to denote favorable and adverse firefighting
conditions, respectively; and (3) clustered nodes confined to a local area.

Valve closure scheme varies with θ. Section 2.4 describes the potential influences of
varying θ on flow availability. We examine the scheme across a range of θ values.

3. Illustrative Case Study
3.1. Overview of the Case

Figure 7a shows the ZJ network used to demonstrate the proposed approach. To
ensure all nodes receive required water under normal operation, we adopted the network
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modifications described in [18]. The network comprises 3 reservoirs, 116 demand nodes,
and 166 pipelines, with Pmin and Preq set to 0 and 20 m, respectively. All pipes are assumed
to be located in non-liquefiable stiff alluvial soils and to be uniformly constructed of
ductile iron.

Figure 7. ZJ network and its valve-layout instances. (a) ZJ network. (b) N layout. (c) N − 1 layout.
(d) N − 2 layout.

Firefighting parameters were set uniformly in accordance with Chinese national
standards. Table 2 lists the design firefighting flow per fire as a function of population.
Based on GB 5749-2022 [50], per capita water use is 0.12–0.20 m3/d, implying a population
of approximately 200,000–300,000 for this network; thus, Qfire

i = 0.06 m3/s. According
to GB 50137-2011 [51], per capita building floor area is 50 m2, including 30–40 m2 for
residential use, 5.5 m2 for commercial and public services, and 2 m2 for transportation
hubs. Accordingly, NF is reported in Table 3. Pipe repair is generally not feasible within the
selected time window and was therefore not considered. Following GB 50974-2014 [52],
Pfire = 10 m.

Table 2. Design firefighting flow per fire event.

Population (×104) ≤1.0 1.0–2.5 2.5–5.0 5.0–10.0 10.0–20.0 20.0–30.0 30.0–40.0

Flow rate (m3/s) 0.015 0.020 0.030 0.035 0.045 0.060 0.075

Table 3. Number of PEFs.

pga (g) 0.11 0.12 0.13 0.14 0.15 0.16 0.17 0.18 0.19 0.20

NF (NFire) 2.1 (10.5) 2.3 (11.4) 2.5 (12.3) 2.6 (13.2) 2.8 (14.1) 3.0 (15.0) 3.2 (15.9) 3.4 (16.8) 3.5 (17.7) 3.7 (18.6)
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3.2. Parameter Setup for Sensitivity Analysis

The parameters for sensitivity analysis were set as follows:

(1) Following [53], we considered earthquake scenarios with pga ranging from 0.10 to
0.20 g, and assumed spatially uniform ground motion intensity. We adopted a sample
size of NS = 10000, consistent with typical practice in analogous studies [6,11,13,19]
and generally regarded as sufficient to capture scenario variability [7,54].

(2) Figure 7b–d show realizations of the N, N − 1, and N − 2 valve layouts. The N
layout yields a single placement, while the N − 1 and N − 2 layouts allow multiple
placements. Because a real WDN has only one valve placement, we used the instances
in Figure 7c,d to compute assessment metrics. With the seismic damage–firefighting
scenarios held constant, we replaced each valve instance with 50 randomly generated
alternatives and used the resulting changes in the assessment metrics to examine
whether valve placement influences firefighting capacity for a fixed layout.

(3) Table 3 shows that NF ranges from 2 to 4. To examine firefighting capacity under more
adverse conditions, we extended the upper limit to 6. Figure 8 displays the spatial
distribution of satisfaction rates for pga = 0.17 g and serves to illustrate node selection.
Fire nodes were chosen sequentially from the red nodes, then the blue nodes, and
finally from all nodes to represent adverse, favorable, and random fire scenarios,
respectively. To examine performance under spatially clustered fires, fire nodes were
also selected inside the gray area. That area is supplied by both reservoirs R1 and R2
and therefore typically exhibits relatively favorable hydraulic conditions; examining
it indicates how well-supplied regions respond to localized fire clusters.

(4) To assess how water curtailment and valve closure schemes affect firefighting capacity,
we varied λ and θ over [0, 1] in 0.1 increments; these values represent curtailment
severity from stringent to lenient and tolerance for increased hydraulic resistance
from high to low, respectively. To assess the impact of required firefighting flow, we
varied µ from 1.0 to 3.0 in 0.5 increments, representing required flow from the design
value up to three times that value resulting from fire spread.

Figure 8. Spatial distribution of the firefighting flow satisfaction rate when pga = 0.17 g.

3.3. Results and Analysis
3.3.1. Effect of Valve Closure

Varying all factors simultaneously prevents isolating each factor’s influence on fire-
fighting capacity. Therefore, we first held λ, µ, and θ constant to examine how the remaining
factors affect Ffire and then inferred the roles of these three factors from the resulting trends
in Ffire. We fixed λ at 0.2 to represent a stringent domestic water limit that favors firefight-
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ing flow, set µ to 1.0 to denote design flow needs, and fixed θ at 0.2 to indicate a strong
propensity to isolate pipe breaks. Figure 9 shows how Ffire varies with pga, NF, and fire
spatial distribution for the no-valve case and for diverse valve layouts.

Figure 9. Variations in Ffire for no-valve case and for diverse valve layouts. (a) No valves.
(b) N layout. (c) N − 1 layout. (d) N − 2 layout.

Comparison of Figure 9a–d shows that, without valves, Ffire declines more steeply as
pga increases. Greater pipe damage at higher pga reduces the network’s capacity to meet
required firefighting flows, and the magnitude of this reduction depends on the spatial
distribution of the fire. Under favorable scenarios, Ffire at NF = 2 stays above 0.95 for
pga ≤ 0.14 g but falls to 0.59 at pga = 0.18 g. Under adverse scenarios, Ffire at the same
NF drops below 0.7 at pga = 0.14 g and below 0.3 at pga = 0.16 g. In these scenarios, Ffire

changes little as NF increases. However, under fire-clustering scenarios, Ffire falls from
1.0 to 0.43 even at pga = 0.10 g. These results indicate that concentrated firefighting demand
is potentially more hazardous because it is more likely to limit firefighting flow through
hydraulic overloading than dispersed demand.

Figure 9b,c show that the N and N − 1 layouts both improve firefighting capacity
under favorable and random fire scenarios. Ffire remains above 0.8 even at pga = 0.20 g and
is nearly identical for the N and N − 1 layouts. By contrast, the N − 2 layout produces a
reduction in Ffire, falling from roughly 0.9 to 0.7 under favorable scenarios and from 0.8 to
0.5 under random scenarios. Under adverse and fire-clustering scenarios, however, even
the N layout offers only limited benefit. In adverse scenarios, the system retains 73% of
firefighting flow at pga = 0.16 g but only 20% at pga = 0.20 g. In fire-clustering scenarios,
the benefit of valve closure is weaker still: at pga = 0.10 g, Ffire drops from 1.0 at NF = 2
to 0.49 at NF = 6, closely mirroring Figure 9a. These results indicate that, even under the
most favorable N or N − 1 layout, valve closure alone cannot restore flow losses when fires
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occur in pressure-deficient or localized zones. Therefore, preventing these fire scenarios is
preferable to relying solely on valve closure.

Figures 10 and 11 show Fleak and the number of isolated pipes with breaks, corrobo-
rating the improvement in firefighting in terms of leakage reduction. Figure 10a–c show
that the N and N − 1 layouts reduce leakage by 75% at pga = 0.12 and 0.16 g, and by 60% at
pga = 0.20 g. Figure 11a shows that more than 90% of pipe breaks can be isolated. These
results indicate that both layouts effectively curtail leakage and consequently yield compa-
rable improvements in firefighting flow.

Figure 10. Variations in Fleak across different valve layouts. (a) No valves. (b) N layout. (c) N − 1
layout. (d) N − 2 layout.

Figure 11. Number of isolated pipes with breaks. (a) N − 1 layout. (b) N − 2 layout.

By contrast, under the N − 2 layout, the number of isolated breaks in Figure 11b
decreases markedly with increasing pga and NF. At pga = 0.20 g, as NF increases from 2 to 6,
isolated breaks in the adverse and random scenarios fall from 10.1 and 10.2 to 7.3 and 7.6,
respectively, indicating that 10–30% of breaks remain open. The more sparse valves can
produce larger isolated areas after valve closure. To preserve flow paths from sources to
fire nodes, some breaks remain open, and this constraint becomes more pronounced as NF
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increases. As shown in Figure 10d, at pga = 0.20 g, leakage increases from roughly 0.2 to
0.55 with NF in both adverse and random scenarios; this contributes to the less pronounced
increase in Ffire observed in the corresponding cases in Figure 9d.

When fires cluster, flow concentration produces a steep pressure drop that primarily
drives the reduction in Fleak. As shown in Figure 10, leakage in the specified zone is
constrained, and therefore valve closure alone yields only limited recovery of firefighting
flow, as shown in Figure 9.

Figure 12 shows the range of Ffire values for the 50 alternative valve placements
under random and adverse scenarios. The placement of valves notably affects firefighting,
particularly evident in the N − 2 layout. In random scenarios (Figure 12a,b), N − 1
placements sustain over 75% of the firefighting flow, while N − 2 placements decrease
Ffire from above 0.8 to 0.6 (pga = 0.20 g). The difference between the maximum and
minimum Ffire values, denoted as ∆max−min, generally remains below 0.1 in the N − 1
layout (Figure 12a,c) but can reach 0.2 in the N − 2 layout (Figure 12b,d), leading to a
decline of up to 20% in firefighting flow satisfaction. Given that the chosen placements are
neither optimal nor worst-case scenarios, ∆max−min could be larger. The N − 2 layout can
result in marked increases in pipe counts in certain segments due to improper placements,
thereby expanding isolation and more markedly degrading water supply capacity. In
contrast, the N − 1 layout features a reduced number of pipes per segment, exhibiting
minimal variation across different valve placements. Nevertheless, further optimizing
valve placement could still improve firefighting flow satisfaction by approximately 10%.

Figure 12. Variations in Ffire over the 50 alternative valve placements under the N − 1 and N − 2
layouts. (a) N − 1 layout and random scenario. (b) N − 2 layout and random scenario. (c) N − 1
layout and adverse scenario. (d) N − 2 layout and adverse scenario.
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3.3.2. Effect of Required Domestic and Firefighting Flow

The preceding analysis indicates that, as pga increases, gains in Ffire under adverse and
fire-clustering scenarios become negligible, even with the N layout. Thus, it is necessary to
examine whether domestic water curtailment can reduce excess flow and thereby partially
compensate for firefighting demand. Figure 13 shows the effect of λ on Ffire in these two
scenarios, using representative values λ = 0.2, 0.5, 0.7, and 1.0.

Figure 13. Variation in Ffire across representative values of λ under fire-clustering and adverse
scenarios. (a) No valves. (b) N layout. (c) N − 1 layout. (d) N − 2 layout.

Under adverse scenarios, λ has little influence on Ffire; however, under fire-clustering
scenarios, lowering λ improves Ffire. Under the no-valve case (Figure 13a), at NF = 2 and
pga = 0.14 g, λ = 0.2 preserves more than 80% of the firefighting flow, whereas λ = 0.5 or 0.7
maintains only 50%, and λ = 1.0 yields 26%. Figure 13b–d show that combining strict water
curtailment with the N or N − 1 layout provides effective improvement in firefighting flow,
but only when NF is small. For both layouts at NF = 2, λ = 0.2 sustains 80% of firefighting
flow for pga ≤ 0.18 g and still achieves 66% at pga = 0.20 g. However, when λ = 0.5 and
0.7, Ffire decreases to zero as pga increases, at a rate comparable to the no-valve condition.
Even at pga = 0.10 g, as NF increases, λ = 0.2 cannot prevent a drop in Ffire from 1.0 to 0.4.
Therefore, hydraulic overload resulting from concentrated firefighting flow may remain
difficult to mitigate, even under strict domestic water curtailment and leakage control.

Figure 14 explains the variation in Ffire observed in Figure 13 by examining pressure
recovery. Under fire-clustering scenarios, limited pipe damage at pga = 0.12 g keeps leakage
low; consequently, valve layout has little effect on Psys recovery (Figure 14a,c,e). In this
regime, pressure loss is primarily driven by flow concentration, and higher NF and λ further
exacerbate the pressure decline. By contrast, severe damage at pga = 0.16 and 0.20 g makes
leakage reduction a dominant contributor to pressure recovery. For the N − 1 layout with
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NF = 2, Psys recovers to 0.98 at pga = 0.16 g and remains 0.64 at pga = 0.20 g, indicating that
the target area preserves relatively robust firefighting capacity. By contrast, relaxing λ to 0.5
reduces Psys at pga = 0.16 g by 50% and drives it toward zero at pga = 0.20 g. Increasing NF

similarly produces a marked pressure decline. Pressure recovery under the N − 2 layout is
weaker than under N − 1. Overall, the greatest pressure recovery is achieved when strict
water curtailment is combined with the N or N − 1 valve layout, but this benefit is evident
only when NF is small.

Figure 14. Psys under fire-clustering and adverse scenarios. (a) No valves under fire-clustering
scenarios. (b) No valves under adverse scenarios. (c) N − 1 layout under fire-clustering scenarios.
(d) N − 1 layout under adverse scenarios. (e) N − 2 layout under fire-clustering scenarios. (f) N − 2
layout under adverse scenarios.

Under adverse scenarios, λ has little effect on Psys, whereas valve layout becomes the
controlling factor. At pga = 0.16 g, the N − 1 layout increases Psys by approximately 100%
relative to the no-valve case (Figure 14b,d), and the N − 2 layout provides an improvement
of 40–60% (Figure 14b,f). However, valve-layout benefits are limited by damage severity: at
pga = 0.20 g, the N − 1 layout restores pressure to only 25% of normal, and the N − 2 layout
restores it to only 10% of normal. This pattern matches the decline in Ffire with increasing
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pga shown in Figures 9 and 13, indicating that even with the N valve layout, a severely
degraded hydraulic state can prevent adequate firefighting flow from being maintained.

Figure 15 shows the relationship between Ffire and µ under λ = 0.2 and random
scenarios to investigate if the escalation of required firefighting flow leads to hydraulic
overload more than λ and NF. Ffire notably decreases with increasing µ, a trend accentuated
by higher NF. In the N − 1 layout with NF = 2, µ = 3.0 decreases Ffire by over 10% at
pga = 0.14 g and by 16% at pga = 0.20 g compared to the design flow (µ = 1.0); with NF = 6,
the reduction extends to 20% at pga = 0.20 g. Under the N − 2 layout, for pga ≥ 0.14 g,
µ = 3.0 lowers Ffire by roughly 15–25% relative to the design condition. With an increase
in NF, combined firefighting flows markedly intensifies head loss from sources to fire
nodes and thus exacerbate pressure decline at fire nodes. Consequently, a sharp rise in
required firefighting flow at a few fire nodes can induce more severe hydraulic overload
than numerous fire nodes, each with only the design flow.

Figure 15. Variations in Ffire across representative values of µ under random scenarios. (a) N − 1
layout. (b) N − 2 layout.

3.3.3. Effect of Valve Closure Scheme

Figure 16 shows how the aggressiveness of valve closure can enhance improvements
in firefighting flow by illustrating the effect of θ on Ffire, with representative values of
θ = 0.2, 0.6, and 1.0. θ = 1.0 necessitates that the highest-capacity transmission paths from
sources to fire nodes remain entirely connected. Consequently, under this condition, Ffire

serves as a baseline derived from the original method [38]. To investigate the efficacy
of isolation, we contrast these outcomes against three scenarios: no isolation, optimal
isolation, and complete isolation. We enumerate all isolation schemes and compute the
corresponding Ffire for each. The scheme that maximizes Ffire is defined as the optimal
isolation. Complete isolation entails isolating all pipe breaks, aligning with the isolation of
localized breaks [34,35]. Owing to the minimal difference between the N and N − 1 layouts,
we present results exclusively for N − 1 and N − 2.

The result indicates that the relaxation mechanism can enhance firefighting flow sat-
isfaction compared to the original method. In both the N − 1 and N − 2 layouts, the
values of Ffire at θ = 0.2 and θ = 0.6 are approximately equal and both exceed the value at
θ = 1.0. The disparity between θ = 0.2 and θ = 1.0 is most pronounced for
pga = 0.14–0.18 g: Ffire at θ = 0.2 surpasses that at θ = 1.0 by roughly 0.1 under the
N − 1 layout and by 0.05–0.1 under the N − 2 layout. Compared with the condi-
tion of no isolation, the scheme at θ = 0.2 markedly enhances firefighting flow for
pga = 0.14–0.18 g, increasing Ffire by 0.3–0.5 under the N − 1 layout and by 0.1–0.2 under the
N − 2 layout. However, this scheme remains 0.05–0.1 below optimal isolation, indicating
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that the proposed method offers effective solutions but does not achieve the optimum.
Complete isolation improves Ffire only for pga ≤ 0.12 g; under the N − 2 layout, it is
even less effective than no isolation. To elucidate these differences, Table 4 compares the
proposed method with optimal and complete isolation regarding leakage, pressure, and
average firefighting flow availability.

Figure 16. Variation in Ffire across representative values of θ under adverse scenarios. (a) N − 1
layout. (b) N − 2 layout.

Table 4. Leakage, pressure, and flow availability metrics under diverse valve closure schemes.

pga
(g)

Valve
Layout Valve Closure Scheme

Fleak
¯
Psys f

NF = 3 NF = 6 NF = 3 NF = 6 NF = 3 NF = 6

0.12

N − 1
This method (θ = 0.2) 0.025 0.025 0.91 0.90 1 1

Optimal isolation 0.025 0.025 0.91 0.90 1 1
Complete isolation 0.025 0.025 0.90 0.90 1 0.99

N − 2
This method (θ = 0.2) 0.03 0.03 0.86 0.83 0.98 0.98

Optimal isolation 0.03 0.03 0.89 0.89 0.92 0.92
Complete isolation 0.028 0.023 0.79 0.78 0.86 0.87

0.16

N − 1
This method (θ = 0.2) 0.20 0.18 0.82 0.75 0.79 0.79

Optimal isolation 0.18 0.15 0.90 0.82 0.67 0.66
Complete isolation 0.12 0.10 0.68 0.62 0.46 0.46

N − 2
This method (θ = 0.2) 0.23 0.24 0.71 0.60 0.70 0.70

Optimal isolation 0.16 0.17 0.80 0.66 0.55 0.55
Complete isolation 0.08 0.08 0.34 0.28 0.23 0.23

0.20

N − 1
This method (θ = 0.2) 0.39 0.37 0.23 0.20 0.66 0.66

Optimal isolation 0.31 0.31 0.31 0.27 0.57 0.56
Complete isolation 0.02 0.04 0.06 0.01 0.29 0.29

N − 2
This method (θ = 0.2) 0.40 0.56 0.09 0.08 0.59 0.58

Optimal isolation 0.32 0.42 0.16 0.15 0.44 0.45
Complete isolation 0.15 0.15 ≈0 ≈0 ≈0 ≈0

First, at θ = 0.2, f of the proposed method decreases as pga increases, then stabilizes
near 0.6–0.7 at pga = 0.20 g. Because f stays within this range, θ = 0.2 and θ = 0.6 produce
similar outcomes: both preserve paths’ transmission capacity while adequately isolating
pipe breaks, thereby improving firefighting flow. In comparison, full connectivity of
high-capacity paths (at θ = 1.0) prevents many pipe breaks from being isolated, thereby
weakening leakage mitigation.
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Second, except for pga = 0.12 g under the N − 1 layout, optimal isolation generally
produces f values 0.1–0.15 lower than the proposed method, while producing 0.05–0.1
higher residual pressure and leakage reduction. Because the looped network provides
many alternative paths between sources and fire nodes, estimating capacity based only on
independently high-capacity paths underestimates the network’s transmission capability.
This underestimation results in the gap between the proposed scheme and the optimal one.

Third, at pga = 0.12 g, pipe breaks are sparse, and complete isolation yields Fleak,
Psys, and f values similar to the other two methods. At pga = 0.16 or 0.20 g, complete
isolation minimizes Fleak and thus produces the strongest leakage control, but both f and
Psys decline sharply. This pattern indicates that high-capacity paths from sources to fire
nodes are severed and many nodes become isolated from the network. This effect is most
pronounced under the N − 2 layout: at pga = 0.16 g, the pressure is only half that of the
proposed method, and at pga = 0.20 g, it is nearly zero. In this layout, each segment contains
more pipes, so isolating additional pipes more severely degrades transmission capacity,
underscoring the need for a rational valve closure decision method.

To quantify the relative difference between the proposed method and optimal isolation,
we define ∆ as the normalized difference between their Ffire values, using the optimal value
as the denominator. Table 5 reports the percentage of scenarios in which ∆ falls within each
interval. Smaller ∆ values indicate closer agreement with the optimum, with ∆ = 0 denoting
identical schemes. Thus, a larger share of scenarios with small ∆ signifies that the method
more robustly yields near-optimal isolation schemes.

Table 5. Percentage of scenarios with ∆ within each given range.

pga (g) Valve
Layout NF

Percentage of Scenarios (%)

∆ > 0.2 0.1 < ∆≤ 0.2 0 < ∆ < 0.1 ∆ = 0

0.12

N − 1
3 0 ≈0 4 96
6 0 ≈0 6 94

N − 2
3 0 ≈0 4 96
6 2 ≈0 8 92

0.16

N − 1
3 4 34 39 23
6 7 34 35 24

N − 2
3 13 35 30 22
6 16 35 28 21

0.20

N − 1
3 19 43 26 12
6 21 44 25 10

N − 2
3 32 38 22 8
6 36 37 21 5

The results show that the robustness of yielding near-optimal isolation schemes relies
on ground motion intensity and valve layout. At pga = 0.12 g, network damage is minimal,
∆ = 0 predominates, and ∆ > 0.1 is rare, which indicates the method almost always yields
schemes identical or very close to the optimum. At pga = 0.16 g, the fraction of low ∆ values
fall substantially: the proportion of scenarios in which the proposed scheme matches the
optimal one falls below 25%, while 40–50% of scenarios exhibit ∆ > 0.1. Notably, under
the N − 2 layout, about 16% of scenarios have ∆ > 0.2. At pga = 0.20 g, ∆ increases further:
over 60% of scenarios have ∆ > 0.1. Furthermore, under the N − 2 layout, 36% of scenarios
have ∆ > 0.2, indicating a widening gap between the proposed method’s scheme and
the optimum. As pga increases, an increasing number of small leaks along high-capacity
transmission paths collectively produce substantial loss and degrade effective capacity.
Hence, the proposed method may misidentify which path can deliver the most water.
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Isolating pipe breaks under sparser valve layouts enlarges the isolation area and markedly
reduces the number of water-transmission paths, which makes the network sensitive to the
choice of isolated pipes. The proposed scheme does not fully account for these hydraulic
changes, so it is more likely to deviate from the optimal solution. Consequently, refining
the valve closure scheme with hydraulics-based heuristics is required to close this gap.

4. Discussion
4.1. Methodological Contributions to Prior Studies

We integrate an improved valve closure decision method into post-earthquake fire-
fighting capacity assessment [6,18] and uses a case study to delineate the conditions under
which valve closure enhances firefighting capacity. The effectiveness of isolating breaks to
bolster firefighting capacity is constrained by multiple factors.

(1) Valve layout and placement strongly influence firefighting flow. The N − 1 layout
outperforms N − 2 in mitigating resulting impacts of isolation. Valve placement can
exert a non-negligible influence for the N − 2 layout. Therefore, when the number
of valves is limited, their locations should be planned deliberately to maximize
firefighting capacity.

(2) Severe seismic damage can produce extensive pipe leaks that valve closure cannot
control, preventing restoration of firefighting flow. This observation aligns with [18]
and indicates that seismic retrofit is effective for bolstering firefighting capacity.

(3) As reported in [6,18], fires in pressure-deficient areas are more likely to become
uncontrollable, particularly when the network sustains severe damage; in such cases,
valve closure may not effectively mitigate the risk. Extending the focus of [6] to
domestic water use, clustered fires can amplify the vulnerability of firefighting flow to
rising domestic water and to increases in fire count; therefore, such scenarios should
be avoided.

(4) Valve closure cannot sustain the stable flow required at fire nodes when demand
surges. Building on [6], a sharp increase in required flow at a few nodes can produce
more severe consequences than an equivalent design flow demand distributed across
multiple fires, particularly under the N − 2 layout.

(5) Incorporating a mechanism that balances leakage reduction with water-transmission
capacity into the valve closure decision method proposed in [38] can further improve
firefighting flow. However, the transmission capacity estimated from hydraulic resis-
tance still deviates from actual flow, yielding an average discrepancy of 5–10% in the
flow satisfaction rate. The method should be tested on additional networks to assess
its generality. The sensitivity analysis can be used to narrow a plausible θ range, and
the optimal θ can be identified by combining that range with operational data and
engineering judgment.

Although these findings are case-specific, the analytical framework can be applied to
other networks to broaden understanding of how multiple factors shape the role of valve
closure in firefighting capacity.

4.2. Methodological Contributions to SDGs

Beyond the contributions summarized in Section 4.1, the method supports sustainable,
resilient infrastructure management by enabling condition-specific valve closure decisions
that balance leakage control with firefighting supply. It also guides the allocation of retrofit
and emergency resources to enhance a WDN’s firefighting capacity.

These contributions support SDGs 9 and 11. For SDG 9, this study advances Target 9.1
on resilient infrastructure and Target 9.5 on research and technological capacity by im-
proving the seismic-resilience analysis of WDNs. For SDG 11, it advances Target 11.5 on
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reducing disaster losses and Target 11.b on disaster-risk management by providing an
actionable decision-support tool. It also facilitates allocation of retrofit and emergency
resources, thereby supporting Target 11.1 on safe and affordable basic services.

4.3. Limitations and Future Directions

(1) Seismic damage modeling. To prevent multiple failure modes from obscuring the
effect of valve closure decisions on firefighting capacity, we employed simplified
damage scenarios, which may overestimate the benefits of valve closure. For ex-
ample, valve failures would prevent planned closures, damage to pumps or power
systems would limit achievable firefighting flow, permanent ground deformation and
liquefaction can yield far more extensive pipe breaks, and independent and homoge-
neous damage conditions can underestimate spatially clustered pipe damage. Future
work should incorporate valve failures into seismic damage models and develop
scenarios that account for spatially correlated ground motion, site conditions, and
multi-component failures to more realistically assess the limits of valve closure for
enhancing firefighting capacity.

(2) Fire scenario modeling. We generated fire scenarios without accounting for spatial
heterogeneity, so the simulated spatial distribution of fires may differ from that of
real events. If real fires tend to cluster in low-pressure areas, the risk of uncontrolled
fires could exceed the estimates reported here. Similarly, assuming static ignitions
ignores temporal variations in required firefighting flow. Future research should
develop fire-spread models informed by environmental data [55] and couple them
with hydraulic models to compare available and required flow dynamically.

(3) Water rationing planning. This study does not account for essential demands
(e.g., medical rescue and critical energy production) during post-earthquake response.
Future work should develop water-rationing plans that incorporate user priorities,
demand elasticity, and temporal usage patterns. While ensuring the required firefight-
ing flow, differentiated rationing plans by time and user are needed to mitigate the
impacts of flow shortages on residential and critical services.

(4) Valve closure decision method. We conducted the analysis on a computer with an
AMD 9575F @ 3.3 GHz CPU and 384 GB of RAM; generating a valve closure decision
for each scenario took on average less than 5 s. The shortest-path algorithm imposes
minimal computational cost, but enumeration of all valve closure schemes remains
wasteful. Thus, before integrating hydraulic simulation into the decision method to in-
crease robustness, enumeration should be replaced with heuristic methods to balance
decision accuracy and computational efficiency. The method must also be tested on
WDNs with varied topologies and, for any fixed valve layout, across alternative valve
placements to clarify the conditions under which valve closure effectively improves
firefighting capacity.

5. Conclusions
This study develops an improved valve closure decision method for WDNs under

post-earthquake firefighting conditions, aiming to reduce leakage while limiting impacts
on water transmission capacity. Applied to a benchmark network, we examine how factors
related to pipe damage, fire scenarios, required flow, valve layout, and closure policy jointly
influence the effectiveness of valve closure in enhancing firefighting. The principal findings
are as follows:

(1) In the case study, the improved method increases firefighting flow satisfaction but
still falls short of optimal isolation by an average of 5–10%. This deficit arises because
estimates for high-capacity paths underestimate actual water transmission capacity,
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causing the method to discard some near-optimal schemes. When seismic damage
and fires are limited under the N − 1 valve layout, the method frequently produces
near-optimal isolation schemes and matches the optimal solution in over 90% of
scenarios. By contrast, when damage and fires are numerous under the N − 2 layout,
the method’s robustness in producing near-optimal isolation schemes declines.

(2) The case study indicates that isolating pipe breaks improves firefighting capacity
when it recovers pressure at fire nodes. This outcome is most likely when pipe
damage is limited, fires are few, and fire nodes are scattered in areas with adequate
pressure. Curtailing domestic water helps only if it compensates for the extra head loss
caused by firefighting flow and leakage. Strategic valve placement reduces the impact
on firefighting by decreasing the isolated area. Valve closure alone is insufficient
in several situations: widespread pipe leaks resulting from strong ground motion;
clustered fires or large surges in firefighting flow that induce hydraulic overload; fire
nodes in zones where pressure falls sharply owing to excessive flow or leakage; and
sparse valve layouts in which poor valve placement greatly enlarges the isolation area.
In these cases, complementary measures are required, including seismic retrofitting
of pipes, removal of fire hazards, and, above all, prevention of simultaneous fires in
low-pressure or localized zones.

These findings are limited to the benchmark network and to simplified assumptions
(e.g., independent pipe damage, fully operational valves and water sources). Future work
should refine the decision method with hydraulics-based heuristics, investigate networks
of varying sizes and configurations under alternative valve placements, and apply realistic
scenarios of seismic damage to improve the realism and generalizability of the results.
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