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Revealing the Topological Drivers of Hydraulic Transients in
Water Distribution Networks
R. Vesipa' @, L. Ridolfi', and S. Fellini'

lDIATI, Politecnico di Torino, Turin, Italy

Abstract The spatiotemporal dynamics of pressure surges is a complex phenomenon involving nonlinear
mechanisms such as wave propagation, reflection, and interference. Pipe networks, in particular, pose a
challenge in understanding pressure surge patterns. At each junction, where two or more pipe branches meet, an
incoming pressure wave interacts with the junction, generating new forward and backward waves further
complicating surge behavior. The importance of junctions in shaping pressure surges naturally raises the
question of how network topology (e.g., number of junctions, number of branching pipes) influences pressure
surge propagation within pipe networks. To investigate this, we conducted a flow transient analysis on a large
set of synthetic lattice networks and extracted hydraulic metrics describing head variations at network junctions.
We then characterized the connectivity structure of the networks using metrics derived from complex network
theory. Finally, we assessed whether topological metrics alone could predict local and global hydraulic transient
responses. Our findings show that many hydraulic metrics can be accurately estimated from topological metrics,
with a coefficient of determination R? of up to 0.96. These results underscore the crucial influence of network
topology on the transient behavior of pipe systems during operational maneuvers.

Plain Language Summary In water distribution networks, sudden changes in flow rate, such as
those caused by the rapid opening or closing of a valve, can trigger water hammer phenomena, leading to
pressure surges within the system. If not controlled, these surges can cause significant damage to the
infrastructure. In this study, we investigated how the design of these networks influences the behavior of
pressure surges. By analyzing various network configurations, we identified key factors, such as the number of
pipes and their connections, that play a critical role in determining how pressure waves propagate through the
system. Our findings demonstrate that by understanding the network's design, we can predict the severity of
these pressure surges. This is crucial for engineers, as it enables them to create more resilient water distribution
systems that can better withstand sudden changes in pressure.

1. Introduction

Water distribution networks (WDNs) are among the most critical infrastructures for human societies (Mala-
Jetmarova et al., 2015). This importance explains why they have consistently attracted the attention of the sci-
entific community. New technologies, innovative conceptual tools, and increasingly stringent demands from
industry continuously drive the development of new solutions for the design, management, and maintenance of
WDNs. At the same time, the pressing need to address water resource management challenges, such as scarcity
and sustainable use, further stimulates this development.

In recent years, complex network theory (CNT, or graph theory) has emerged as a notable example of how a novel
conceptual framework is influencing the study of WDNs. Originating in the mathematics and physics commu-
nities, this theory examines the relationships between the topological structure of a network and its functioning
(e.g., Albert & Barabasi, 2002; Boccaletti et al., 2006, 2014; M. Newman, 2018). CNT has experienced rapid
development and has proven to be highly valuable in various technical and scientific domains, including tur-
bulence (Iacobello et al., 2021; Schéfer et al., 2018), infrastructure networks (Barthélemy, 2011), and pollutant
dispersion in urban environments (Fellini et al., 2021), among others (see, e.g., Costa et al., 2011 for a
comprehensive survey of real-world applications). The theory has provided innovative analyses, novel metrics,
and new insights into the relationships among elements interconnected within the network.

As one of the most prominent examples of infrastructure networks, WDNs have benefited significantly from these
advancements, leading to numerous CNT applications (see Torres et al. (2017) and the recent review by Yu
et al. (2024)). Examples include the use of CNT to characterize system domains (e.g., Giustolisi et al., 2017,
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Yazdani & Jeffrey, 2012), provide the operational state (e.g., Giustolisi et al., 2019; Meng et al., 2018), assess
vulnerabilies (e.g., Giustolisi et al., 2022), formulate maintenance plans (e.g., Dunn & Wilkinson, 2013), select
optimal sensor placement (e.g., de Schaetzen et al., 2000; Perelman & Ostfeld, 2013), and sectorize networks
(e.g., Di Nardo & Di Natale, 2011; Giustolisi & Ridolfi, 2014; Khoa Bui et al., 2020; Saleh & Tanyimboh, 2014).

In this study, we build on this line of inquiry by exploring how CNT can be leveraged to describe water hammer
phenomena in WDNS. This topic remains a niche within WDN research, partly due to a prevailing belief among
practitioners that the network structure leads to rapid attenuation of pressure waves (e.g., Twyman, 2018) and,
consequently, a quick damping of pressure peaks induced by unsteady motion. Specifically, the simplistic
assumption is that the meshed structure itself protects the network from water hammer. However, this is not the
case: the complex looped topology, presence of dead ends, variations in wave celerity across pipes, and reflections
at nodes can result in non-trivial interferences between forward and backward waves, potentially leading to
unexpectedly high local pressure values (Meniconi et al., 2018, 2022; Starczewska et al., 2015; Vardy, 2023;
Vesipa & Fellini, 2019).

These considerations indicate that the hydraulic response of networks under unsteady flow conditions is governed
to a significant extent by their topological configuration and the geometric attributes of their links. It follows that
CNT-based metrics, when properly tailored to reflect the pivotal role of network architecture on the propagation
and interaction of pressure waves, may offer a key tool for estimating the response of a WDN to the water
hammer.

A noteworthy recent contribution to this topic is the study by Marsili et al. (2023), which begins to explore the
application of CNT to water hammer analysis. The authors examined how flow transients vary with changes in
topology caused by valve closures, and their results highlighted that some topological metrics derived from graph
theory were significantly correlated with overpressures caused by the water hammer.

Starting from these promising results, our aim is to further investigate the potential of CNT in the context of the
unsteady behavior of WDNs. To this end, we generated a large ensemble of synthetically-constructed realistic
networks, enabling a systematic exploration of a broad spectrum of sizes, topologies, and hydraulic characteristics
that are representative of real-world systems. On such networks, we conducted simulations of the hydraulic
phenomenon of water hammer, including wave propagation, reflection, interference, and friction, to obtain time
series of head variations in each junctions, and scalar metrics capable to synthesize these time series. Subse-
quently, we evaluated a number of CNT-based metrics and examined their ability (individually and in combi-
nation) to describe the hydraulic metrics. We tested many metrics, both purely topological measures and
incorporating WDN-specific weights, and applied several multivariate forecasting models. Compared to previous
studies, this work advances the field in three key respects: (i) testing a substantially larger set of topological and
hydraulic configurations, (ii) examining a broad range of CNT-based metrics, and (iii) integrating these metrics
into nonlinear models designed to predict network overpressures.

Although exploratory in nature, our study yielded encouraging results, showing that (i) the connectivity structure,
when appropriately weighted by geometric characteristics, encapsulates valuable information on network
behavior under unsteady conditions, and (ii) CNT-based metrics, specifically tailored to hydraulic systems, are
effective in extracting this information, particularly when employed within multivariate models that summarize
the contributions of individual metrics. These findings hold substantial practical relevance, showing that a pre-
liminary yet informative assessment of unsteady motion in a WDN can be performed without resorting to the
computationally intensive simulations traditionally employed for modeling wave propagation. This approach
would enable the systematic analysis of water hammer across numerous design configurations of the network
(e.g., different topologies, diameter assignments, and valve closing maneuvers), reserving detailed hydraulic
simulations for only a carefully selected subset of cases (e.g., Huang et al., 2017; Nault et al., 2016; Riafio-Bricefio
et al., 2022).

The remainder of this paper is organized as follows. Section 2 describes the types of networks considered, the
hydraulic modeling approach, the numerical simulations, and the specific metrics employed (both hydraulic and
CNT). Section 3 addresses how the synthetic networks were generated and their hydraulic and topological
characteristics. Section 4 presents and analyzes the results, while Sections 5 and 6 discuss the findings and outline
the main conclusions, respectively.
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Network Generation

Grid with P pipes and Ng X N; junctions

Flow Transient Simulation Evaluation of Topology Metrics
* Large Userin one junction * CNT-based metrics describing the
* Closure of the Large User Valve (LUV) network topology

* Head time series in each junction
(N2 — 1 time series)

* Change position of the LUV (N2 — 1
scenarios)

* (N2 — 1)? time series for one network

Evaluation of Hydraulic Metrics
¢ Metrics summarizing key features of
the time series
o Junction-focused
o Large User Scenario-focused
o Network-focused

Hydraulic vs. Topology metrics
* Analysis across 1440 networks
> ¢ Are hydraulic metrics influenced by the <
network topology?
* Can topology metrics predict traits of
the flow transients in the network?

Figure 1. Flow chart of the adopted methodology.

2. Methods

In this section, we describe the methodological framework adopted in this study (see also the flow chart shown in
Figure 1). First, we present the type of hydraulic networks considered (Section 2.1), followed by the hydraulic
model and the numerical solution employed to simulate hydraulic transients (Section 2.2). We then introduce the
hydraulic metrics used to quantify the effects of overpressures generated by water hammer within the network
(Section 2.3), and the topological metrics that characterize the network's structure and geometry (Section 2.4).
Finally, we detail the multiplicative correlation model employed to link the topological and hydraulic descriptors
(Section 2.5).

2.1. Reference Water Distribution Network

For the sake of generality, we do not focus on a specific case study; instead, we consider a set of square, regularly
gridded networks that are representative of densely populated neighborhoods. These networks incorporate typical
residential demands as well as background leakages, while explicitly accounting for flow transients induced by a
large user whose demand is roughly an order of magnitude higher than that of ordinary consumers (Starczewska
et al., 2015). A typical example includes a hospital or a shopping mall connected to the network: such facilities
may abruptly interrupt their water consumption due to rapid valve closure or operational shutdowns. This sudden
change in flow can trigger significant hydraulic transients, which subsequently propagate throughout the sur-
rounding residential network. To enable a systematic assessment, the analysis considers all possible scenarios in
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Figure 2. (a) Schematic layout of the gridded water distribution network considered in this work for the case N, = 3. Blue
arrows represent the water outflows at junctions. At Junction n = 2, the outflow of the large user, Q, is regulated by the large
user valve (LUV) with opening A, () and flow coefficient C,. (b) Variations of head in a generic junction (here n = 3) induced
by the shutting of the LUV. The red arrows mark two consecutive peaks of the head time series.

which the large user is located at different junctions in the network. This gives rise to a number of large user
scenarios (LUSs) for each network.

In this context, we define a reference water distribution network (WDN) that provides the basic framework and
notation for the subsequent analyses (Figure 2). The layout consists of Ny X N; = N junctions, each identified by
an index n, and where N, is the number of junctions per side. The grid includes P pipes, each indexed by p and
characterized by their length (L,), diameter (D)), wall thickness, and equivalent roughness. Pipe materials are
defined by Young's modulus and Poisson's ratio. The surge wave celerity within the pipe, a,, is determined by the
pipe's geometry and material properties, as well as the water's density and bulk modulus.

A valve, called the large user valve (LUV) governs the outflow of the large user, and is installed at a single
junction (n = v) in the network. This junction features a large pressure-driven outflow. The LUV has maximum
opening A, and flow coefficient C,. Variations in A, (¢) over time drive the hydraulic transients analyzed in this
study. In particular, we will consider the case in which the outflow from the large user is completely stopped by
closing the LUV. Variations of v = 2,...,n provide all possible LUSs considered (N> — 1 for each network).

At all other junctions, smaller pressure-driven outflow occur (see Figure 2), representing minor demands (resi-
dential users) or leakages from connected pipes. As it is custom in flow transient analysis (e.g., Xing &
Sela, 2020) this outflows are modeled as orifices with fixed opening (0.1-A,) and flow coefficient (C,), though
more sophisticated formulations (e.g., a pressure-dependent flow coefficient, May 1994) could be easily incor-
porated. Finally, a reservoir connected to the first junction of the lattice supplies the network and maintains a
constant head, h,. By varying the network size (N,) and the degree of interconnection (P/N), this reference
structure can be generalized into a wide set of synthetic WDNs with diverse hydraulic and topological charac-
teristics, as detailed in Section 3. By varying the location of the LUV, several LUSs can be considered.

2.2. Hydraulic and Numerical Model for the Water Distribution Network

Hydraulic transients in each pipe are modeled by a system of partial differential equations that describe mo-
mentum balance and mass conservation (Chaudhry, 2014)

00, oh
LygA P4 R = 1
o Sy + R0, =0, (1)
a0 oh
2L 4 gA,—P =0, 2)
7 ox, P ot

where Q,(x,,t) and &, (x,,t) are the flow rate and piezometric head, respectively, both varying with space and

time f; x, is the longitudinal coordinate along the pipe, oriented downstream; A, = nD,z,/4 is the pipe cross
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section; R = f/(2D,A,) is the friction term according to the Darcy-Weisbach formulation, where f is the
friction factor.

Boundary conditions reflect the physical constraints at the pipe ends. For a pipe connected to the reservoir

Q,(x, =017

) 3
o 3)

hy(x, =0,8) = b, — (1 +k,)

where k, = 1 is the coefficient of entrance loss.

At junctions, in all pipes connected to the same node the equivalence of piezometric head A, holds, that is,
h, = h,(x, = L,) for pipes entering the node, and 4, = h,(x, = 0) for pipes leaving the node. In addition, the
continuity equation reads

D00 (hy) = 2000 (hy) = &\, — 2, =0, ©)
P P

where Q;,” and Q‘p”” are the pipe flows into and out of the node, z, is the node elevation, and ¢, is the effective
orifice area. For n# v, ¢, is constant over time, while for n = v, (i.e., for the LUV) ¢, = {,(t) = C,-A,(?).
Variations in A, (¢) over time drive the hydraulic transients analyzed in this study. A detailed explanation of how
the aforementioned equations are combined to build the hydraulic model of a gridded network is reported in
Supporting Information S1. The initial conditions along all pipes correspond to the steady-state flow in the WDN.

In order to solve Equations 1 and 2 with the boundary conditions (Equations 3 and 4) the method of characteristics
as reported in Chaudhry (2014) is adopted. This method reduces the partial differential equations to ordinary
differential equations along characteristic lines, which are then solved using a finite difference scheme. A detailed
explanation of the numerical aspects adopted is reported in Supporting Information S1.

The simulations are designed to investigate how the network responds to sudden closures of the LUV at different
locations. For each network and for each LUS considered in this study (see Section 3), the LUV is assumed to be
installed at a selected junction n = v (e.g., v = 2 in Figure 2a), and the network response is simulated as the
LUV's opening area A, (¢) is linearly reduced to zero over 0.1 s. The primary output of the simulations is the time
series of piezometric head at each junction, capturing the transient effects induced by the LUV closure. The
simulation duration is chosen to ensure that at least two head peaks are observed at every junction, as illustrated by
the red arrows in Figure 2b.

This procedure is repeated for different LUSs, that is, relocating the LUV to a different junction in the network in
each scenario, except for the reservoir junction (n = 1). In this way, the index v spans all possible junctions from
2 to N, allowing a systematic assessment of the network's hydraulic response to the LUV's closure, considering all
possible positions of the LUV.

For each network and for each LUV location the simulations yield the time series of head and flow rate at every
computational node. This huge amount of data calls for a synthesis into scalar hydraulic indicators, as presented in
the following section.

2.3. Hydraulic Metrics

To characterize the severity and spatial extent of water-hammer events in the simulated WDNs, we introduce a set
of scalar hydraulic metrics derived from the simulated head time series. These metrics are designed to capture
both local and global features of the transient response, enabling direct comparison across different LUSs and
network configurations. In particular, we focus on indicators that quantify the magnitude of overpressures at each
junction and their aggregated values over the entire network.

The rationale for introducing these scalar metrics is that each junction produces a time series of pressure re-
sponses, and every possible LUS generates distinct transient dynamics. The analysis therefore yields a very large
number of time series, which would be difficult to interpret without further synthesis. Several options can be
pursued, and different metrics can be defined. We choose to define metrics that relate overpressures with steady-
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state conditions, as head in steady-state conditions is a standard indicator used by operators. In this way, these
metrics quantify deviations induced by flow transients relative to steady-state conditions, making the results both
easier to synthesize and directly comparable with standard operational benchmarks.

Three levels of aggregation are considered: (i) junction-focused metrics, which describe the effect of a given LUV
closure on individual junctions; (ii) LUS-focused metrics, which summarize the network-wide impact of closing a
specific LUV; and (iii) network-focused metrics, which provide a single value representative of the entire network
behavior for all possible LUSs.

We begin with the first level of aggregation (junction-focused metrics), analyzing the head time series at the
network junctions for a specific LUV locations. Let A, (n, ) be the head at junction n when the LUV is located at
junction v. Since the reservoir is fixed at n = 1, the analysis only considers n = 2,3,...,N. For illustration,
Figure 3a shows a network with N, = 3 and N = 9 (as in Figure 2).

The severity of the transient at junction # is quantified by the maximum head increment relative to the steady state,
normalized by the steady-state head

max, [hv(n’ [) - hv(n’ 0)]

AHy(v,n) = 7 (n.0)

®)

This scalar provides a direct measure of the overpressure at each junction for a given LUS. For example, Figure 3b
reports AHy(2,n) forn = 2,...,9. In a network with N; X N, junctions, each specific LUS (characterized by a
different LUV location) yields (N> — 1) values of AH,.

At the second level of aggregation, the junction-focused metrics AH,(v,n) are combined to describe the overall
network response to the closure of a specific LUV. For each LUV location, two LUS-focused metrics are defined

_ 1 X
AHy(v) = =D ; AH(v,n), (6)
and
AHgmax (v) = max[AH(v, n)]. ™)

The first metric quantifies the average relative overpressure across the network, while the second captures the
most severe local transient. Both depend on the considered LUS, that is, LUV position v: for instance in Figure 3b
the two metrics AHy(v) and AH( . (v) evaluated for v = 2 are reported at the bottom of the panel. By expanding
the analysis across all other possible positions of the LUV, (N% - 1) values of AH,(v) and AHg nax (v) are ob-
tained, corresponding to each possible LUV location in the network. In the example shown in Figure 3, these
metrics are displayed in the panel Figure 3¢ for each position of the LUV. Therefore, the values reported at a given
junction in Figure 3c represent the cumulative network response associated with the installation of the LUV at that
specific junction.

Finally, network-focused metrics provide a single value for the entire network by aggregating the LUS-focused
results over all possible LUV locations. Specifically, we evaluated the mean and maximum values attained by
AHy(v) and AHg (V) as v (the position of the LUV) varies. Panel d in Figure 3 illustrates these aggregated
measures for the network in panel a.

In summary, the analysis produces three complementary sets of metrics: AH,(v, ) at the junction level, AH,(v)
and AH .x(v) at the LUS level, and their average and maximum values at the network level. Together, they
condense a large number of hydraulic simulations into a compact description of transient behavior, forming the
basis for the subsequent exploration of links between hydraulic performance and WDN topology. To test the
robustness of these findings against uncertainties in the network characteristics, we performed a sensitivity
analysis in which key parameters were perturbed by =10% across different scenarios. The resulting variations in
AH,, AH, 0« and their spatial statistics confirmed that the proposed metrics are only moderately sensitive to
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Large User Valve
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o©1 -Reservoir ¢4 o7 oOReservoir &AH,=0.406 & Hy=0.62
Average and maximum of AH, AHo=0.60
in the network for LUV in v = 2 AHgumax=1.03

Average and maximum of AH,
in the network when the LUV is in different junctions
(Different LUSs)

Average and maximum for all LUSs

(c) (d)

AH;=0.89 AHy=0.98 AH,=1.21
P AH)max=1.66 TAHymax=1.56 © AHgma=1.8
Variable Average Maximum
AH,—0.60 AH,=0.75 AH,=1.27 AHy 0.9547 1.27
A-H-O,max:l-o3 A-H'O,max:]-l’? AHO,max:]uSE) AH(),max 1.53 1.852
R . AH(=0.92 AH(=1.05
eservort AHyma=1.51  °AHy max=1.57

Figure 3. Example of the hydraulic metrics and their spatial/temporal aggregation procedure. (a) Layout of the example network (N; = 3, N = 9) with the large user
valve (LUV) at junction v = 2. (b) Junction-focused hydraulic metric AHy(v,n), defined as the maximum (over time) head increment normalized by the steady-state
head at each junction n due to the LUV closure. (¢) LUS-focused hydraulic metrics AHy(v) (mean of AH,, over all n) and AH{ . (v) (maximum of AH, over all n) for
different LUV locations v. (d) Network-focused hydraulic metrics: mean and maximum values of AH(v) and AH( max (v) across all possible LUV locations. The interested
reader can find in Supporting Information S1 the detailed, step-by-step procedure adopted to obtain the results presented here.
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parameter uncertainties. Full details of this analysis, including quantitative ranges and supporting figures and
tables, are reported in Supporting Information S1.

2.4. Topological Metrics

Although WDNSs are not structurally as complex as social or biological networks, their topology and geometry can
be characterized using tools from CNT (e.g., see the review by Yu et al. (2024)). In this framework, a network is
described as a set of nodes (here, junctions) connected by links (here, pipes), and a variety of metrics can be
computed to quantify different aspects of the network structure. These topological metrics are introduced to
explore possible correlations with the hydraulic metrics defined in the previous section.

The connectivity of a WDN can be described by its weighted adjacency matrix W, an N X N matrix where Wj; >0
if a pipe connects nodes i and j, and W; = O otherwise. The pipe-specific value of W;; = w, accounts for
geometric or hydraulic properties of the pipe between nodes i and j. The choice of weights w,, and their relation to

the pipe properties is discussed in the following sections.

The topological metrics are selected to represent structural features that are expected to influence both the
magnitude and spatial distribution of maximum head variations within the network. Formal definitions of all the
topological metrics adopted in this study are reported in Supporting Information S1. In the following, and
consistent with the approach described in Section 2.3, we introduce these metrics at progressively larger levels of
spatial aggregation.

Junction-focused metrics quantify local properties expected to influence head variations at individual junctions.
These include the node degree (17,,), counting the number of pipes connected to the junction, and betweenness
centrality (BC,) (Freeman, 1977), measuring how nodes act as bridges or bottlenecks in network flows (Fellini
etal., 2020). BC, is based on the concept of shortest paths (e.g., Abraham et al., 2010): in a connected graph, there
is at least one path connecting any pair of nodes that minimizes the number of links traversed. The betweenness
centrality of a node then measures the fraction of these shortest paths that pass through it.

LUS-focused metrics describe the structural context of the LUV within the network. Relevant metrics include
the degree (17‘,) and betweenness centrality (BC,) of the LUV node, as well as the shortest path between the
reservoir and the LUV location (4,_, ), providing a synthesized topological description of LUV position within the
network.

Network-focused metrics characterize the network's overall (i) size, (ii) structure, (iii) interconnectivity, and (iv)
efficiency of transport across it. Size metrics include the total number of links/pipes (P) and the network diameter
(Dia), defined as the shortest path between the two most distant nodes in the network. Structural metrics include
Single-Degree Nodes (DE) and Meshness (Mesh). The DE metric counts the number of nodes in the network with
a degree equal to one, meaning they are connected to only one neighbor. On the other hand, Meshness (Buhl
et al., 2006) indicates whether the network exhibits a structure closer to a tree network (Mesh equal to 0) or a
gridded network (Mesh equal to 0.5) (Martinez, 2010; Yazdani & Jeffrey, 2012). Interconnectivity metrics
include the average degree (AvgD) of the network nodes, network density (Den), computed as the ratio between
the actual number of links and the maximum possible number of links among the network nodes (M. New-
man, 2018), and the algebraic connectivity (AlgC) that assesses the network's ability to maintain structural
integrity when specific components are removed. Flow optimization metrics assess how efficiently the network
transfers flow or information. These include the Sum of Betweenness Centrality (£BC), indicating the overall
ability of nodes in facilitating flow through the network; the Average Shortest Path (L), representing the mean
number of links connecting each node pair via the shortest path; and Network Efficiency (E) (Latora &
Marchiori, 2001), measuring the average proximity between nodes using the harmonic mean of shortest paths.
While L and E may seem similar, L is strongly influenced by nodes that are very distant from each other (shortest
path is even oo for unconnected node pairs), whereas E emphasizes the overall efficiency of information or flow
transfer, effectively discounting extremely distant or disconnected node pairs.

2.5. Topology-Based Model for Predicting Hydraulic Metrics

To assess the predictability of transient hydraulic behavior from topological metrics, we use the following
multiplicative model
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Nr
K=]]T%, 8)

=1

where K is the hydraulic metric of interest (Section 2.3), T, is the zth topological metric (Section 2.4) used as a
predictor, a, is its associated exponent, and Ny is the number of predictors. The model is fitted separately for each
K. Taking logarithms yields the linear form

Nr
log K = Z a,logT,, 9)

=1

with coefficients a, estimated via standard least-squares minimization (Montgomery et al., 2021). As is
customary, the goodness of fit of the resulting model is assessed using the coefficient of determination R?, which
expresses the proportion of variability explained (Montgomery et al., 2021).

The suitability of topological predictors for the hydraulic metric is assessed using stepwise selection. First, each
predictor T, is evaluated individually (N7 = 1) and the one predicting K with the highest R? is selected as the first
(best) predictor. Then, predictors are progressively added to the model in order to maximize R? at each addition,
until no significant gain is obtained. This yields an ordered list of top predictors and the corresponding sequence
of R? values, as will be discussed in Section 4.

3. Synthetic Water Distribution Networks
3.1. Generation of the WDNs

The correlations between the hydraulic and topological metrics presented in the previous sections were explored
using a wide set of synthetic pipe networks, as commonly done in the literature (Marsili et al., 2023; Momeni
et al., 2023; Torres et al., 2017). Using synthetic networks allows us to systematically control both the topology
and the hydraulic properties of the system, generating a wide variety of scenarios with diverse hydraulic and
topological characteristics. The shape of the synthetic network (regular grid) was chosen to be realistic, and
representative of urban water distribution systems laying on a flat ground (Di Nardo et al., 2016; Santonastaso
et al., 2020; Spizzo et al., 2023). This approach enables exploration of a broad range of hydraulic and topological
metrics, which is essential for identifying correlations that are generalizable across different systems. Addi-
tionally, this approach allows us to apply a consistent set of rules for assigning hydraulic and network properties
(e.g., pipe lengths and diameters) across all generated networks.

The synthetic WDNs were generated by varying the size and connectivity of the reference lattice described in
Section 2.1, following the approach proposed by Torres et al. (2017). Specifically, square grids with N, (junctions
on edges) ranging from 3 to 10 were created (yielding networks with up to 100 junctions), with all elevations set to
zero. Connections between junctions were then established based on a nodal connectivity probability, P., which
defines the likelihood that two neighboring junctions are connected. We considered 6 values of P, in the range
[0.2 — 0.7]. Networks with P, = 1 are fully connected grids, while lower values of P, produce sparse, tree-like
configurations. In details, for each junction, the list of potential connections with neighbors was compiled,
including the nearest junctions located in the same row or column. For each potential connection, a random
number in the interval [0, 1] was generated and compared to P.. If the random number was lower than P, the
connection was established, otherwise it was omitted (see the step-by-step procedure to build synthetic networks
in Supporting Information S1).

P. serves as an important indicator of overall network structure, influencing connectivity and redundancy.
Therefore, in this study, P, was a key parameter to build the network topology. We also included P, in the set of
topological metrics used to characterize the networks, because it can be easily calculated from existing networks
(see the step-by-step procedure to calculate P. in Supporting Information S1).

For each generated network, the connectivity test based on the second smallest eigenvalue of the network
Laplacian matrix (M. Newman, 2018) was performed to ensure that no part of the network was isolated; network
failing this test were discarded, and the generation process repeated. For each {N;, P.} pair, three random networks
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Table 1
Values (or Range of Values) of the Parameters That Were Used to Build the Synthetic Water Distribution Networks
Considered in This Study

Parameter Symbol Unit Value (or range of values)
Number of junction in each side of the lattice Ny (1) 3,4,5,6,7,8,9,10
Probabilities of nodal connectivity P, (D) 0.2,0.3,04,0.5,0.6, 0.7
Length of pipes in homogeneous networks Lyy (m) 30

Diameter of pipes in homogeneous networks Dyy (mm) 200

Celerity of the pressure wave a, (m/s) 1,404, 1,340, 1,234
Coefficient for orifice flow C, (1) 0.61

Size of the orifice at the LUV A, (m?) 1-1073

Head of reservoir h, (m) 50

were generated to enlarge the pool of configurations considered. We obtained networks with a number of con-
nections (pipes) varying between 9 and 180.

The final step consisted of assigning lengths and diameters to the established pipes, following two distinct ap-
proaches. In the first approach, all pipes in a network were assigned the same length Ly and diameter Dyy (i.e.,
L, = Lyy and D, = Dpy for p = 1... P). The corresponding networks are refereed to as Networks with ho-
mogeneous pipes (HNs). The hydraulic parameters of the synthetic networks (see Table 1) were chosen to
produce realistic networks, representative of a small-medium urban water distribution systems. The obtained
networks were in fact made up of 9-100 junctions and spanned an area between 8,100 and 90,000 square meters.
The total flow rate delivered to the network was between 10 and 200 1/s, making the network considered as
representative of quite densely populated area. Finally, the demand at the main junction was of the order of 10 1/s,
representative of a medium/large commercial/industrial user.

In the second approach, intra-network variability in pipe lengths and diameters was introduced, obtaining Net-
works with non-homogeneous pipes (NHNs). For each HN, three types of variations were created: (i) a network
with each pipe length randomly selected from [0.5, 1, 2] Lyy; (ii) a network with each pipe diameter randomly
selected from [0.5, 1, 2] Dyy; (iii) a network with both lengths and diameters randomly selected as shown in steps
(1) and (ii). This process was repeated three times for every HN, resulting in nine NHNs derived from each HN.
The networks generated with this approach could be non-realistic: the spatial allocation of pipe diameters were in
fact not tied to actual demand patterns or service constraints. This deliberate decoupling was adopted to test the
validity of our method, which regresses hydraulic metrics on topology metrics, under extreme but controlled
conditions. In this way, we aimed to isolate topology effects and assess the robustness of the regression beyond
case-specific details. Altogether, 144 network topologies were generated, resulting in 144 HNs and 1,296 NHNss.
In total, 4,488,480 time series of piezometric head were obtained from simulations and analyzed.

3.2. Hydraulic and Topological Characteristics of the Generated WDNs

After the generation procedure described above, the synthetic WDNs are analyzed to determine their key hy-
draulic properties and topological characteristics. This step serves both to verify the diversity of the generated
networks and to identify the order of magnitude and the range of variation of the predictors used in the subsequent
analysis.

We first analyze the main hydraulic characteristics of the synthetic WDNs under steady-state conditions, before
closure of the LUV. Figures 4a—4c shows histograms for: (a) pressure-driven outflow at junctions; (b) flow rate in
the pipes; and (c) head at the junctions. Results are distinguished between homogeneous networks (HNs, blue)
and non-homogeneous networks (NHNs, orange). Histograms are normalized so that their area equals unity, as in
a probability density function.

The outflow distribution (Figure 4a) reveals significant variability with two distinct peaks. The left peak, around
1.5 I/s, corresponds to the small pressure-driven outflow applied uniformly to all network junctions and is similar
for both HNs and NHNs.The right peak, occurring at a much lower frequency (~ 1073 vs. ~1071), represents
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Figure 4. Histograms of some relevant hydraulic characteristics (steady state and transient flow conditions) of the synthetic
water distribution networks (WDNSs) that were considered in this study (see the label of the horizontal axis). Do note that
some axes are in a logarithmic scale. Orange refers to WDN with non-homogeneous pipes, blue refers to WDN with
homogeneous pipes. The height of bars was normalized so that the area of the histogram is equal to unity (as in a pdf
distribution).

junctions where the LUV is installed. In this case, HNs exhibit a relatively narrow outflow range (15-20 1/s),
whereas NHNs display a broader range (4-20 1/s). This increased variability in NHN arises from zones with low
hydraulic conductivity, caused by longer, smaller-diameter pipes that can restrict the outflow from the LUV.

Figure 4b shows the flow-rate distribution in the pipes. Most pipes convey flows below 10 1/s, with only a few
reaching around 100 1/s. Differences between HNs and NHNs appear mainly in the right tail, where high flow-
rates are less frequent in NHNSs, again due to low-conductivity pipes limiting the flow in certain areas of the
networks.

The head distribution at junctions (Figure 4c) also differs between HNs and NHNs. In HNs, head values remain
above 25 m, resulting in a histogram with two distinct peaks. The left peak, around 25 m, corresponds to junctions
near the LUV, where higher outflow reduces the head. In contrast, NHNs exhibit a wider range of head values:
while many junctions have head above 20-25 m, some can drop as low as 2 m. These low-head junctions occur
when the LUV is connected to the network through pipes with low hydraulic conductivity.

We then examine the hydraulic response under transient conditions, accounting for the LUV closure. Figures 4d
and 4e report histograms for the key hydraulic metrics introduced in Section 2.3: AH,,, AH,, and AH() o« We also
analyzed the spatially averaged and maximum values of AHy and AH{ ., with results provided in Supporting
Information S1. Although both HNs and NHNs show single-peaked distributions at approximately the same
values, NHNs consistently exhibit: (i) broader distributions, indicating higher variability in transient response,
and (ii) fatter tails, reflecting a greater occurrence of extreme values.

These differences stem from the underlying network characteristics. In NHNs, some junctions have low steady-
state head (Figure 4c), which increases the relative pressure surge ratios (Equation 5), producing larger water
hammer metrics and a fatter right tail in the distributions. Additionally, NHNs may contain partially isolated
zones—caused by long, small-diameter pipes—where pressure surges are minimal, resulting in a fatter left tail in
the distributions.

As with the hydraulic characteristics of the synthetic WDNS, it is also interesting to examine the distributions of
the networks' topological properties. These distributions are reported in Figure S6 in Supporting Information S1
and are distinguished between homogeneous (HNs) and NHNs. A detailed discussion of the order of magnitude,
variability and distributions shown by the different topological metrics is provided in Supporting Information S1.
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Figure 5. Applications of the model (8) for estimating AH, in homogeneous networks (left panels) and non-homogeneous
networks (right panels). Panels (a) and (c) illustrate how the R? value decreases progressively as the number of predictors in
the model increases. Panels (b) and (d) depict the performance of the full model (incorporating all predictors) in the measured
versus estimated plane.

4. Results
4.1. Regression Model Performance Across Hydraulic Metrics

We evaluated how network topology can explain average and maximum head increments in synthetic WDNs
under transient flow conditions. To this end, we applied the multiplicative regression model (Section 2.5) to the
set of networks generated according to Section 3. For each hydraulic metric, the topological predictors were tested
and ranked according to their incremental contribution to maximizing R?, as detailed in Section 2.5.

All topological metrics are computed as weighted quantities, where link weights account for pipe geometry
and hydraulic properties. In HNs, where all pipes have identical length and diameter, the link weights are equal.
For such networks, the regression model (9) yields excellent predictive performance. As an illustrative example
of the stepwise application of the regression model described in Text S9 in Supporting Information S1, Figure 5
shows how predictors are progressively added to maximize R? for a single hydraulic metric. For AH, (average
head increment in the network following closure of a specific LUV), the best single predictor is 7 (total number of
links), giving R?> = 0.59 (Figure 5a). Adding /,_, (shortest path between reservoir and LUV) increases R* to 0.79,
and including 3—4 predictors further improves R to about 0.90, beyond which no substantial gain is observed. The
full model (all topological metrics) reproduces the hydraulic metric values with high accuracy (Figure 5b).

For NHN:gs, variability in pipe lengths and diameters requires assigning link weights consistent with each pipe's
properties to achieve good predictive performance. Several weighting formulations were evaluated, including
L,/ D;, L,/D,, L,-D,, L, ~D,1,/ 2 a,/L,, (a,,/L/,)z, and (a,,/L,,)l/ 2. The best performing weight, yielding the
highest R? values, was w, = L,/ Dﬁ, which reflects the time required for the pressure surge to transit along the

pipe. Figures 5c and 5d provides a numerical example showing the stepwise addition of predictors for AH, in
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Figure 6. Performance of predictors (topological metrics) in explaining the variability of hydraulic metrics. Each line reports: (i) the hydraulic metric considered (white

box); (ii) the first 7 predictors selected by the regression model and the cumulative R? achieved (reported in the colored boxes). Boxes on the left, correspond to
homogeneous networks, while those on the right correspond to non-homogeneous networks. Predictors are ordered from left to right, with the most influential (best)
predictor in the leftmost column, highlighted with a black border. Colors are as follows: red R> = 0; yellow R*> = 0.50, green R> = 1.00. Shades between these colors
refers to intermediate values of R? (see also the color-bar).

NHNs. Using this weighting, R? increased progressively to about 0.65 with 4-5 predictors (panel c), and the full
model reproduced the hydraulic metric values with good agreement between predicted and simulated results
(panel d).

Building on the illustrative example presented in Figure 5 for a single hydraulic metric (ﬁo), Figure 6 sum-
marizes the results of the stepwise regression model across all LUS-focused and network-focused hydraulic
metrics defined in Section 2.3. Junction-focused metrics could not be reliably predicted and are therefore not
reported. In Figure 6, each row shows how R? increases as topological predictors are progressively added,
providing a comprehensive view of model performance for each metric.

For HNs (left panel of Figure 6), the model provides excellent fits for 4 out of 6 hydraulic metrics: AH,, the spatial
averages of AH, and AH x> and the spatial maximum of AH,. The highest performance is achieved for the

spatial average of AH,, where R? reaches a maximum value of 0.96 using only 6 predictors (see the third row of
the left panel in Figure 6). The remaining two metrics, AH) ;,,x and its spatial maximum, are less well predicted,

with a minimum R? of 0.53.

For NHNss (right side of Figure 6), the model (considering the weights w, = L,/ Df,) performs well for 3 out of 6
hydraulic metrics: the spatial averages of AH, and AH) x> and the spatial maximum of AH,. For these metrics,
R? values are above 0.62, reaching up to 0.81, again with fewer than 7 predictors. However, for the remaining 3

metrics (AHy, AHg max, and its spatial maximum), R* values are lower, with a minimum of 0.43.

In general, for both HNs and NHNS, the ability of topology in explaining hydraulic variability diminishes when
moving from spatially averaged metrics (e.g., the spatial average of AH,) to more localized metrics (e.g., the
spatial maximum of AH( ,,«). This suggests that local effects of hydraulic transients depend on local network
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Figure 7. Relevance charts of different predictors. The values reported in panel (a, (b)) were evaluated considering
homogeneous networks (non-homogeneous networks) only. The values reported in panel (c) refer to the hydraulic metric
AH,, its spatial average, and its spatial maximum. The values reported in panel (d) refer to the hydraulic metric AHq yay. its
spatial average, and its spatial maximum.

characteristics (both topological and geometric) that are not fully captured by the topological metrics considered
in this study. Interestingly, AH, was well predicted by topology in HNs, with R? reaching 0.88. For NHNGs, the
predictive power decreased to 0.62, showing that local effects become more important and that the considered
topological metrics cannot fully capture certain transient behaviors.

4.2. Key Topological Predictors Across Hydraulic Metrics

To go beyond simply assessing the predictive ability of topological metrics for water hammer effects, we aimed to
identify which metrics have the greatest impact. We quantified the contribution of each topological metric using
ARZ(T,), which represents the increment in R? for the Kth hydraulic metric when the predictor 7 is added to the
regression model (8). For example, Figure 5a shows that adding 4,_, to the model for AH, raises R? from 0.59 to
0.79, giving ARi—HO
typically shows the largest AR%(T,) (e.g., ARi—HO(P) = 0.59).

(4,—,) = 0.20. The most important predictor (the first one selected for the regression model)

To summarize the relevance of each topological metric across all hydraulic metrics, we define its global relevance
as AR%(T,), which is the average of ARZ(T,) over all K. A higher AR?(T,) indicates that the predictor frequently
improves model performance across multiple hydraulic metrics.

Panels a and b in Figure 7 display the global relevance (ARZ) of the topological metrics considered in this study,
separately for HNs (Panel a) and NHNs (Panel b). For both HNs and NHNSs, the most significant predictor was P,
the number of links in the network, with AR?*(P)> 0.4 for HNs and AR*(P)> 0.25 for NHNs. Other key pre-
dictors contributing significantly to R? in both cases included: (i) the degree of the node where the LUV is
installed (1,), (ii) the connection probability (P,), and (iii) the distance between the reservoir and the LUV (4,_,).
For HNs, another relevant predictor was the average degree (AvgD), while for NHNs, additional important
predictors were: (i) network diameter (Dia), (ii) the average shortest path (L), and (iii) network efficiency (E).

We also assessed in Panels ¢ and d the global relevance (AR2) of the topological metrics in explaining specific
groups of hydraulic metrics: those associated with AH, (i.e., AH,, its spatial average, and its spatial maximum),
and those associated with AH( ;¢ (i.€., AH( 4. its spatial average, and its spatial maximum). In this case, both
HNs and NHNs were considered together. Hydraulic metrics related to AH, (Figure 7c) showed a strong
dependence on P, with AR?(P) > 0.6. Other significant predictors included A,_,, Dia, E, n,, and P,.. Notably, the
second most influential predictor, 4,_,, had a relevance approximately one-tenth that of P (AR2 (Ay) ~ 0.07).
In contrast, the relationship between topological metrics and the hydraulic metrics related to AH{ 5 is less
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straightforward. Several predictors, such as AvgD, P, ,, and Dia, showed lower relevance values around 0.1.
Additionally, metrics such as L, P, AlgC, Den, A,_,, and E displayed relevance values in the range of approxi-
mately 0.05.

5. Discussion

In the previous section, we demonstrated that topological metrics can significantly explain the transient response
of a network subjected to the shutting of the outflow to a large user. Now, it is essential to discuss the charac-
teristics of the different predictors and, where possible, derive physical insights.

We specifically focus on the topological predictors that performed best in Figure 6 and were globally relevant
across all regression models (i.e., those that ranked among the top predictors in the charts in Figure 7).

It is crucial to note that a clear physical interpretation of the role of topological metrics is possible only when they
serve as the best predictors. Therefore, we evaluated model (9) using only the best predictor (highlighted in
Figure 6) for each hydraulic metric. We then computed the sign of the corresponding coefficient, a,, to determine
whether the best predictor contributes to increasing or decreasing the corresponding hydraulic metric.

Number of Pipes, P. The number of pipes, P, was identified as the most influential metric. It exhibited the
highest relevance (ARZ) in Figure 7 and was the best predictor in the regression models for many hydraulic
metrics (6 out of 12, as shown in Figure 6). When P was the best predictor, it was always associated with a
negative exponent in the model (9), indicating that larger values of P correspond to less severe flow transients.

The relevance of P can be explained physically: as the number of pipes increases, more pathways are available for
pressure waves to propagate. This increases the likelihood that the initial pressure surge splits into multiple pipes,
reducing its magnitude. Furthermore, an increased number of pipes enhances the network's water delivery ca-
pacity, resulting in lower pipe velocities. According to Joukovski's law (Chaudhry, 2014; Joukowksy, 1900), this
in turn reduces head variations during transients.

Network Diameter, Dia. Another important topological metric is the network diameter, Dia, which is defined as
the maximum shortest path between any pair of junctions. As shown in Figure 6 (last line, right side), Dia was the
best predictor for the spatial maximum of AH|, ,,x in NHNs. The relationship observed was that larger diameters
resulted in less severe flow transients.

The effect of Dia can be understood by recognizing that in networks with smaller diameters, pressure waves are
confined to a smaller system. A small diameter results in quick reflection of pressure waves, preventing them from
propagating long distances and splitting. This interaction between positive wavefronts with significant amplitude
tends to generate high values of AH|) .. In contrast, in a network with a larger diameter, pressure waves can
propagate over longer distances, splitting multiple times before reaching the furthest nodes, where they are
eventually reflected.

Degree of the LUV node, 7,. The results in Figure 6 (second line) show that the degree of the LUV junction, ,, is
the best predictor for the maximum head increment (AH ,,,5 ) observed in the network after the LUV closure. The
larger the value of 77, the less severe the flow transients. This relationship holds true for both HNs and NHNs. We
note that, unlike the cases discussed above, the relationship between 5, and AH) ., is a very local one, providing
information about the maximum head increment observed in network after the closure of a specific LUV (v).

As the number of pipes departing from the LUV (node n = v) increases, pressure waves have more pathways to
propagate, enhancing the likelihood that the original pressure surge splits into multiple pipes and reduces its initial
magnitude. Additionally, increasing the number of pipes supplying the large user reduces water velocity in the
pipes, and according to Joukovski's law, this leads to smaller head variations during transients.

Average degree of network nodes, AvgD. As shown in the fourth row of Figure 6, AvgD was the best predictor
for the spatial average of AH|) ;,,x in homogeneous hydraulic networks (HNs). In other words, the average number
of pipes per junction across the entire network serves as an excellent predictor of the maximum head increments
that occur, on average, across all possible LUSs. Specifically, a higher AvgD is associated with less severe flow
transients.
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Consistently, Panel d of Figure 7 highlights that AvgD is the most important predictor (i.e., the one with the
highest relevance AR?) when considering all metrics related to the maximum head increment (AH{ max)-

The role of AvgD is closely linked to the explanation provided for 7,. As the number of pipes connected to each
junction increases, pressure waves have more pathways for propagation, enhancing the likelihood that the original
pressure surge will split into multiple pipes, thereby reducing its initial magnitude.

However, unlike #,, which is the best predictor of the single highest head increment observed in the network,
AvgD provides an averaged measure of all peak values recorded following the LUV closure across all possible
LUSs. This distinction is meaningful, as AvgD reflects the connectivity of the entire network, considering the
number of pipes branching from every junction, whereas 7, is a local metric that pertains specifically to the node
where the LUV is located.

Probability of connection, P.. Another key metric reflecting the network's interconnectivity is P.. When P, was
the best predictor, higher values were associated with less severe flow transients. Specifically, P, emerged as the
best predictor for the maximum head increment in HNs considering all possible LUV positions. It was also the
best predictor for the average of the maximum head increments across the network for different LUSs.

Similar to AvgD, the relevance of P, is linked to the number of pipes connected to each junction. As this number
increases, pressure waves have more pathways for propagation, increasing the likelihood of the original pressure
surge splitting into multiple pipes and thereby reducing its initial magnitude. Given this mechanism, it is un-
surprising that P, like AvgD, plays a crucial role in predicting maximum head increments in the network.

Other topological metrics played a role in explaining transient responses in hydraulic networks. The interested
reader can find in Supporting Information S1 a discussion concerning those topological metrics.

6. Concluding Remarks

Flow transient dynamics is a complex process that involves both linear and nonlinear mechanisms of wave
propagation, reflection, dissipation, and interference. When pressure surges propagate through a pipe network,
additional mechanisms come into play, such as partial wave reflections at junctions, and outflows to end users.
Wave interferences also become significantly more frequent compared to the single-pipe case (e.g., a water main).

To investigate the role of network topology, we numerically simulated the water hammer phenomenon following
closure of the valve controlling the outflow of a large user. A large set of networks with varying topological and
geometric characteristics was considered. Our main findings are twofold: (i) connectivity structure plays a crucial
role in shaping pressure surges within hydraulic networks, and (ii) when appropriately combined with pipe
geometric properties (length and diameter), certain topological metrics derived from CNT can, combined in
multivariate multiplicative regression models, provide accurate estimates of water hammer effects (e.g., four to
five carefully selected topological metrics can account for up to 90% of the variability observed in specific hy-
draulic metrics). Importantly, the most informative topological metrics admit a clear hydraulic interpretation.
Consequently, multiplicative multivariate models are not merely interpolation artifacts but offer meaningful
physical insights into the transient response of networks.

However, the key point of our analysis is not the specific form of the network models, the actual values of the
coefficients, or the specific metric used to measure the adherence between model and observations, but rather to
demonstrate the key role of topology in the water hammer phenomenon. Topological metrics alone can explain up
to 96% of the variance (as measured by the R coefficient) of hydraulic metrics describing flow transients. This
result provides new evidence of the role of topology, despite the fact that flow transients are dominated by
nonlinear processes that could easily mask or rule out such effects. Indeed, in several classical dynamical systems
the nonlinearities enforce a unique global attractor, making the final outcome independent of network structure.
For example, in consensus dynamics (Olfati-Saber et al., 2007), Kuramoto synchronization at strong coupling
(Acebron et al., 2005; Strogatz, 2000), diffusion to equilibrium (Chung, 1997; Masuda et al., 2017), epidemic
spreading without recovery (Pastor-Satorras & Vespignani, 2001; M. E. Newman, 2002), and evolutionary games
with strict dominance (Nowak, 2006; Szabé & Fath, 2007). Our findings therefore highlight a clear and quan-
tifiable contribution of topology to transient behavior.
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Our results have significant implications for the design, maintenance, and safety of WDN:Ss. In fact, the possibility
of estimating the unsteady response of networks solely from their topological features paves the way for rapid and
systematic preliminary assessments of water hammer impacts, without the need for extensive and time-
consuming simulations. A large number of cases (different topologies, multiple closure scenarios, and varying
pipe properties) can thus be easily explored. Once the most critical and relevant cases have been identified in this
way, they can then be investigated through detailed numerical simulations.

Finally, our study also suggests general best practices for managing WDNS. For instance, networks with larger
diameters and greater number of pipes tend to experience less severe surges, whereas strategies such as dis-
trictualization, which reduce network size, can have unintended adverse effects on transient behavior. Likewise,
parameters such as P. and AvgD are essential in attenuating flow transients; modifications that diminish their
value may dangerously increase surge magnitudes. Overall, these insights can guide network operation without
inadvertently compromising safety under unsteady conditions.
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