
1.  Introduction
Water distribution networks (WDNs) are designed and built with topological structures that are usually character-
ized by branches and loops. Branches ensure low design costs, whereas loops typically guarantee high hydraulic 
and mechanical reliability (Sirsant & Reddy, 2020; Todini, 2000). This implies the capability of dealing with 
particular hydraulic conditions due, for example, to very high water consumption or leakage and facing the outage 
of one or more pipes due, for example, to a burst or rehabilitation. In this regard, several methods have been 
proposed in the literature to identify an optimal topological structure that can ensure a balance between reliability 
and cost (e.g., Farmani et al., 2005; Mala-Jetmarova et al., 2018; Perelman et al., 2013; Prasad & Park, 2004). As 
a result, real WDNs are organized in very complex topological structures where, for example, the portions serving 
urban areas with a higher population density and water demand are typically characterized by a higher density of 
connections and greater redundancy of paths with pipelines of small length and diameter to ensure reliability and 
efficiency. On the contrary, sparser structures consisting of pipes of larger length and diameter are installed at the 
suburban level and for transmission mains.

Nowadays, WDNs topological structures are very often modified, and networks are frequently subjected to 
sectorization and branching operations by closing isolation valves (IVs). Indeed, along with the aspects related 
to network reliability, other issues of interest have emerged and are of concern to water utilities. This is the case, 
for example, of the observability and controllability of water networks and the compliance with certain operating 
conditions, for example, average and minimum water velocity in pipes to ensure sufficient water quality.

Concerning the observability aspects, looped systems are less controllable and, in recent years, a tendency toward 
reducing the interconnection of WDNs through, for example, sectorization techniques (i.e., District Metered 
Areas [DMAs] creation) has emerged. This practice consists in dividing a looped system into network portions 
(i.e., districts) that are connected at a limited number of sections, where flow meters are installed, whereas all 
the remaining interconnection sections are closed through IVs (e.g., Alvisi, 2015; Chondronasios et al., 2017). 
The closure of such IVs results in an alteration of the topological/connectivity structure of the WDN and a 
reduction in the number of loops. Procedures for identifying the optimal district layout are often based on optimi-
zation algorithms that require the resolution of a significant number of connectivity configurations (e.g., Hajebi 
et al., 2016; Zhang et al., 2017).
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Concerning the compliance with certain operating conditions, strongly interconnected network structures result 
in a reduction of the average velocity in pipes. This feature implies (a) the aging of the water before it is delivered 
to users and the consequent reduction of the free residual chlorine or the formation of chlorination by-products 
(Quintiliani, 2017) and (b) the failure to reach the daily self-cleaning velocity (Abraham et al., 2017; Vreeburg & 
Boxall, 2007). Regarding this issue as well, several approaches have been developed to identify the optimal inter-
ventions on the topological structure of the network based, for example, on the closure of IVs and reduction of the 
level of interconnection to ensure optimal conditions in terms of velocity (Brentan et al., 2021; Marquez Calvo 
et al., 2018; Quintiliani et al., 2019). Again, the optimal set of IVs to be closed is often identified through optimi-
zation algorithms evaluating a very large number of solutions.

In the last decades, graph theory and connectivity-based methods have been proposed to solve problems related 
to sectorization and DMAs creation (e.g., Di Nardo & Di Natale,  2011; Giustolisi & Ridolfi,  2014a, 2014b; 
Huang et al., 2020; Tzatchkov et al., 2006; Yazdani & Jeffrey, 2012), and operating conditions and water qual-
ity aspects (Furnass et  al.,  2013; Grayman et  al.,  2009; Sitzenfrei,  2021). More generally, graph theory and 
connectivity-based methods are nowadays applied in a wide range of fields (Alderson, 2008; Strogatz, 2001) and 
have gained increasing attention also for pipe networks proving to be useful tools, especially if properly integrated 
with hydraulic theory (Torres et al., 2016).

However, in all the previously mentioned studies, graph theory and connectivity-based metrics are applied to 
support the optimal sectorization and IVs closure, mainly under the assumption of steady-state conditions. On 
the other hand, several studies have shown that, in their real functioning, WDNs rarely achieve steady-state condi-
tions for more than a small fraction of their operational time and are subjected to continuous pressure variations. 
These can be due to maneuvers on the main devices in the network, such as turning on/off of pumps, fast open-
ing/closing of hydrants for pipe flushing, or fire emergency. These maneuvers can result in significant pressure 
changes and consequent immediate damage, for example, pipe burst or collapse, vibrations, cavitation, and risk 
of contamination at cross-connections (Boulos et al., 2005). Recently, there has been evidence that users' activity 
(Marsili et al., 2021), that is, the opening and closing of domestic devices, can also result in the generation of 
pressure waves of small entity but occurring almost continuously over the day, producing deterioration that tends 
to worsen over time and increase failure rate (Rezaei et al., 2015).

Some studies have shown that the response of the WDN to these forcing factors depends on its characteristics 
and, in particular, on the topological structure (i.e., network connectivity) (Meniconi et al., 2022a, 2022b) as 
well as the presence of elements such as dead ends (Meniconi et al., 2018, 2021) and on diameter and material 
of pipes (Ellis, 2008; Karney & McInnis, 1990; Starczewska et al., 2014). Thus, each WDN is characterized 
by a different transient response in the face of a forcing factor. A variation in the system transient response can 
also be expected when its topological structure is modified by closing IVs to improve observability or operating 
conditions, as highlighted above. Nonetheless the impact that topology modifications can potentially have on the 
transient response of WDNs, an explicit focus on the role of pipe network topology on the unsteady flow behavior 
of WDNs has not been widely investigated.

From an operational standpoint, the dynamic behavior of a WDN with a given topological structure and subjected 
to a given forcing factor can be evaluated through unsteady flow numerical simulations. However, in the case 
of real, complex WDNs, this approach can be extremely expensive from a computational point of view, espe-
cially when simulations have to be carried out for a significant number of configurations. An open aspect, not 
properly addressed so far in the literature, is related to the use of graph theory—notoriously computationally 
unexpensive—for the analysis and/or management of water WDNs extending the application of connectivity 
metrics (CMs) from a steady-state framework to a dynamic one.

This study aims to evaluate the ability of five CMs derived from graph theory—already used for assessing 
network reliability under steady-state conditions—to provide useful insights into the effects of the topological 
structure changes due to the closure of selected IVs on the transient response of a WDN. The connectivity indi-
cators considered in the study are introduced in the following section. The method adopted is then presented and 
applied to a simple lattice network and to a real WDN subjected to different transient scenarios. The obtained 
results are discussed and, finally, some conclusive considerations are offered.
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2.  Materials and Methods
In this section, transient modeling details are reported. The CMs considered in the analysis are then introduced 
and the method aimed at evaluating their ability to reflect useful information on the effects of the topological 
structure of a WDN on its transient response is presented. Subsequently, the two networks (i.e., a simple lattice 
network and a real network) to which the method is applied are introduced.

2.1.  Transient Modeling

In this study, the approach used to simulate the dynamic behavior of a WDN is based on the continuity:

𝜕𝜕𝜕
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𝑐𝑐2
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𝜕𝜕𝜕𝜕
= 0� (1)

and momentum equation:
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where 𝐴𝐴 𝐴  = piezometric head, 𝐴𝐴 𝐴𝐴   = mean flow velocity, 𝐴𝐴 𝐴𝐴   = pressure wave speed, 𝐴𝐴 𝐴𝐴  = spatial co-ordinate along the 
pipe, 𝐴𝐴 𝐴𝐴   = temporal co-ordinate, 𝐴𝐴 𝐴𝐴  = gravitational acceleration, and 𝐴𝐴 𝐴𝐴   = friction term (Wylie & Streeter, 1993).

When fast transients are considered, according to the literature (e.g., Ghidaoui et al., 2005), the friction term, 𝐴𝐴 𝐴𝐴  , 
is assumed as a sum of the steady-state component, 𝐴𝐴 𝐴𝐴𝑠𝑠 , and the unsteady-state component, 𝐴𝐴 𝐴𝐴𝑢𝑢 :

𝐽𝐽 = 𝐽𝐽𝑠𝑠 + 𝐽𝐽𝑢𝑢� (3)

The steady-state component is evaluated by the Darcy-Weisbach equation (𝐴𝐴 𝐴𝐴𝑆𝑆 = 𝑓𝑓𝑓𝑓 |𝑉𝑉 |∕2𝑔𝑔𝑔𝑔 , with 𝐴𝐴 𝐴𝐴  = friction 
coefficient, 𝐴𝐴 𝐴𝐴   = local instantaneous value of the mean flow velocity, and 𝐴𝐴 𝐴𝐴  = internal diameter).

The unsteady-state component accounts for the quite different behavior of the velocity gradient at the pipe wall 
with respect to the uniform-flow one with the same 𝐴𝐴 𝐴𝐴  (Brunone & Berni, 2010; Sundstrom & Cervantes, 2017). 
Studies demonstrate that the omission of such a term in the numerical model produces a smaller decay of the pres-
sure with respect to the measured ones (e.g., Ebacher et al., 2011). As shown by Marsili et al. (2022), the choice 
of the unsteady friction model cannot disregard the characteristics of the investigated pipe system. In the case of 
a complex WDN with a significant number of users, the need is to make the numerical simulations affordable in 
terms of computational time, data storage, and memory. This automatically makes the choice fall on instantane-
ous acceleration-based models (Bergant et al., 2001; Brunone & Golia, 2008; Brunone et al., 1995). In this paper, 
the model proposed in Brunone et al. (1995) and modified by Pezzinga (2000) is adopted:
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where the decay coefficient, 𝐴𝐴 𝐴𝐴𝐵𝐵 , is given by the relationship proposed by Vardy and Brown (1996):

𝑘𝑘𝐵𝐵 =

√
𝐶𝐶∗

2
� (5)

with 𝐴𝐴 𝐴𝐴∗ = min{0.00476; 7.41∕Re𝜅𝜅} where 𝐴𝐴 Re = 𝑉𝑉 𝑉𝑉∕𝜈𝜈 is the local instantaneous Reynolds number, 
and 𝐴𝐴 𝐴𝐴 = log10

(
14.3∕Re0.05

)
 .

Equations 1 and 2 are integrated by the Method of Characteristics (MOC) and transformed into the set of alge-
braic compatibility equations reported below:

𝐶𝐶+ ∶ ℎ𝑡𝑡
𝑖𝑖 = 𝐶𝐶𝑃𝑃 − 𝐵𝐵𝑃𝑃𝑄𝑄

𝑡𝑡
𝑖𝑖� (6)

𝐶𝐶− ∶ ℎ𝑡𝑡
𝑖𝑖 = 𝐶𝐶𝑁𝑁 + 𝐵𝐵𝑁𝑁𝑄𝑄

𝑡𝑡
𝑖𝑖� (7)

valid along the straight characteristic lines, 𝐴𝐴 𝐴𝐴+ and 𝐴𝐴 𝐴𝐴− , with subscript 𝐴𝐴 𝐴𝐴  and superscript 𝐴𝐴 𝐴𝐴  indicating the location 
and time, respectively (Wylie & Streeter, 1993). Within the MOC, the pipe is divided in reaches with a length 
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𝐴𝐴 Δ𝑠𝑠 = 𝑐𝑐Δ𝑡𝑡 , being 𝐴𝐴 Δ𝑡𝑡 the simulation time step. Coefficients 𝐴𝐴 𝐴𝐴𝑃𝑃 , 𝐶𝐶𝑁𝑁, 𝐵𝐵𝑃𝑃 , and 𝐴𝐴 𝐴𝐴𝑁𝑁 are known quantities depending 
on the values of the discharge and piezometric head at the previous time steps:

𝐶𝐶𝑃𝑃 = ℎ𝑡𝑡−Δ𝑡𝑡
𝑖𝑖−1

+ 𝐵𝐵𝐵𝐵𝑡𝑡−Δ𝑡𝑡
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𝐵𝐵𝑁𝑁 = 𝐵𝐵 +𝑅𝑅|𝑄𝑄𝑡𝑡−Δ𝑡𝑡
𝑖𝑖+1

|� (11)

where 𝐴𝐴 𝐴𝐴 (=𝐴𝐴 𝐴𝐴∕(𝑔𝑔Ω) ) is the characteristic impedance, 𝐴𝐴 Ω  = pipe cross-sectional area, and 𝐴𝐴 𝐴𝐴 (=𝐴𝐴 𝐴𝐴Δ𝑠𝑠∕
(
2𝑔𝑔𝑔𝑔Ω2

)
 ) is 

the pipe resistance coefficient.

Pre-transient pressure at the nodes and initial discharge in the links are determined by solving the network using 
the Global Gradient Algorithm (Todini & Pilati, 1988).

Boundary conditions are the reservoir and the junction with an outflow discharge (Wylie & Streeter, 1993). 
The reservoir is assumed to model the inlet points of a network with a constant piezometric head. The junction 
with a nodal outflow, 𝐴𝐴 𝐴𝐴𝑡𝑡

𝑖𝑖
 , is implemented to simulate the discharge of a hydrant but also the user's connection; 

the corresponding piezometric head at the i-th junction at a given time, t, has been obtained by the following 
equation:

ℎ𝑡𝑡
𝑖𝑖 = 𝐶𝐶𝑛𝑛 − 𝐵𝐵𝑛𝑛𝑞𝑞

𝑡𝑡
𝑖𝑖� (12)

where 𝐴𝐴 𝐴𝐴𝑛𝑛 =
∑

𝐶𝐶𝑃𝑃 ∕𝐵𝐵𝑃𝑃 +
∑

𝐶𝐶𝑁𝑁 ∕𝐵𝐵𝑁𝑁
∑

1∕𝐵𝐵𝑃𝑃 +
∑

1∕𝐵𝐵𝑁𝑁

 , and 𝐴𝐴 𝐴𝐴𝑛𝑛 =
1

∑
1∕𝐵𝐵𝑃𝑃 +

∑
1∕𝐵𝐵𝑁𝑁

 include all the links connected to the junction (Wylie & 

Streeter, 1993). Then, Equations 6 and 7 yield the discharge in each link.

From the compatibility equations, that is, Equations 6 and 7, the reflection, 𝐴𝐴 𝐴𝐴  , and the transmission coefficient, 
𝐴𝐴 𝐴𝐴 , can be derived (Misiunas, 2005; Swaffield & Boldy, 1993):

𝑟𝑟 =

Ω𝑗𝑗

𝑐𝑐𝑗𝑗
−
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Ω𝑖𝑖
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� (13)
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2Ω𝑗𝑗

𝑐𝑐𝑗𝑗

np∑

𝑖𝑖=1

Ω𝑖𝑖

𝑐𝑐𝑖𝑖

� (14)

where subscript 𝐴𝐴 𝐴𝐴  (ranging from 1 to 𝐴𝐴 np , 𝐴𝐴 np being the number of pipes merging at the node) indicates the pipes 
connected to the node and subscript 𝐴𝐴 𝐴𝐴 indicates the pipe from which the pressure wave arrives. These coefficients 
regulate the interaction mechanisms of reflection and transmission of an incoming pressure wave at each singu-
larity. The topological structure of a WDN is the combination of all its singularities and the transient response of 
the network due to a forcing factor is the global result of the reflection and transmission of single pressure waves 
at each singularity.

For a constant level reservoir, the reflected pressure wave is equal in magnitude to that of the incident wave but 
with an opposite sign, or 𝐴𝐴 𝐴𝐴 = −1 . For a dead end or a fully closed valve, the reflected pressure wave has the same 
magnitude and sign of the incident wave, or 𝐴𝐴 𝐴𝐴 = +1 (Chaudhry, 2014).

From an operational standpoint, the simulation model based on MOC has been implemented in MATLAB ® 
(version 2019b).
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2.2.  Connectivity Metrics

To investigate the possible relationship between the CMs of WDNs and their dynamic behavior, five metrics—
already proposed in the literature and used within the framework of graph theory—are considered. In greater 
detail, to represent the network properties two types of CMs are considered: the combinatoric-based graph theory 
metrics and the spectral metrics (Torres et al., 2016).

Combinatoric-based metrics mainly depend on the number of nodes 𝐴𝐴 𝐴𝐴 and links 𝐴𝐴 𝐴𝐴 of the network and indicate 
the degree of connectivity of vertices (i.e., nodes) and edges (i.e., links). Spectral metrics analyze the spectrum 
of network characteristic matrixes, such as the adjacency matrix, 𝐴𝐴 [𝑛𝑛 × 𝑛𝑛] . For a network undirected graph, this 
matrix indicates which vertices are connected (i.e., adjacent). In fact, the generic element 𝐴𝐴 𝐴𝐴𝑖𝑖𝑖𝑖 of the adjacency 
matrix 𝐴𝐴 𝐀𝐀 assumes a value equal to 1 if the nodes 𝐴𝐴 𝐴𝐴  and 𝐴𝐴 𝐴𝐴 are directly connected; otherwise, it is equal to 0. 
For real networks, adjacency matrix 𝐴𝐴 𝐀𝐀 is real and symmetrical and, therefore, its eigenvalues are real. Spectral 
metrics relate the topology of the network to its robustness, or its tolerance to faults, and are employed to quantify 
well-connectedness and the strength of the network connections (Torres et al., 2016; Yazdani & Jeffrey, 2010).

In this study, three combinatoric-based metrics and two spectral metrics are considered, for a total of 𝐴𝐴 𝐴𝐴CM  = 5 CMs. 
The first combinatoric-based metric considered is the average degree, 𝐴𝐴 𝑑𝑑 :

𝑑𝑑 =
1

𝑛𝑛

𝑛𝑛∑

𝑖𝑖=1

𝑑𝑑𝑖𝑖� (15)

where the nodal degree 𝐴𝐴 𝐴𝐴𝑖𝑖 of node 𝐴𝐴 𝐴𝐴  is the number of links converging at node 𝐴𝐴 𝐴𝐴  . The average degree, 𝐴𝐴 𝑑𝑑 , can be 
also evaluated by using the number of nodes 𝐴𝐴 𝐴𝐴 and links 𝐴𝐴 𝐴𝐴 of the network:

𝑑𝑑 =
2𝑚𝑚

𝑛𝑛
� (16)

This metric assumes values in the range 𝐴𝐴

[

2 −
2

𝑛𝑛
; 𝑛𝑛 − 1

]

 , where the extreme values are evaluated considering the 
minimum and maximum number of links in a connected graph: 𝐴𝐴 𝐴𝐴min = 𝑛𝑛 − 1 and 𝐴𝐴 𝐴𝐴max =

𝑛𝑛(𝑛𝑛−1)

2
 . Average degree 

indicates the overall sparseness of the network configuration, where a sparse network is defined as a network 
with the number of links linearly proportional to the number of nodes (Diestel, 2005). Sparseness is opposed to 
density, the latter describing the relationships on the quantity of existing pipes versus the maximum number of 
possible pipe connections (Torres et al., 2016).

The second combinatoric-based metric considered is the meshedness coefficient, 𝐴𝐴 𝐴𝐴𝑚𝑚 , defined by the ratio between 
the total number 𝐴𝐴 𝐴𝐴 = 𝑚𝑚 − 𝑛𝑛 + 1 of independent loops and the maximum theoretical number 𝐴𝐴 𝐴𝐴max = 2𝑛𝑛 − 5 of inde-
pendent loops in the network:

𝑅𝑅𝑚𝑚 =
𝑚𝑚 − 𝑛𝑛 + 1

2𝑛𝑛 − 5
� (17)

This metric ranges between 0, when the number 𝐴𝐴 𝐴𝐴 of independent loops in the network is equal to 0, and 1, when 
the number 𝐴𝐴 𝐴𝐴 of independent loops in the network is maximum (i.e., equal to 𝐴𝐴 𝐴𝐴max ). The meshedness coefficient, 
growing with the number of loops, can effectively describe the redundancy of the network. It indicates the pres-
ence of independent alternative paths between the source and demand nodes which can be used to satisfy supply 
requirements during the disruption or failure of the main paths (Yazdani & Jeffrey, 2010, 2012).

The third and last combinatoric-based metric selected is the number of single-degree nodes, 𝐴𝐴 DE , that corresponds 
to the total number of nodes in a network with a node degree 𝐴𝐴 𝐴𝐴 equal to 1:

DE =

𝑛𝑛∑

𝑖𝑖=1

𝑠𝑠𝑠𝑠𝑖𝑖; where 𝑠𝑠𝑠𝑠𝑖𝑖 =

⎧
⎪
⎨
⎪
⎩

1 if 𝑑𝑑𝑖𝑖 = 1

0 otherwise
� (18)

Accordingly, 𝐴𝐴 DE is equal to the number of dead ends within a pipe network (Newman, 2010; Torres et al., 2016) 
assuming values in the range 𝐴𝐴 [0;𝑚𝑚] .

Concerning spectral metrics, the spectral gap, 𝐴𝐴 ∆𝜆𝜆 , and the algebraic connectivity, 𝐴𝐴 𝐴𝐴2 , are considered.
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The spectral gap 𝐴𝐴 ∆𝜆𝜆 is defined as the difference between the first and second eigenvalues of the adjacency matrix 
𝐴𝐴 𝐀𝐀 of the network and it is effective in quantifying the Good Expansion properties of the system. In particular, 

networks characterized by high value of 𝐴𝐴 ∆𝜆𝜆 present a topological structure with a limited presence of bottlenecks, 
articulation points, or bridges whose removal may split the network into two or more isolated parts and whose 
vertices are connected robustly to other nodes, even if the graph is not dense with links (Estrada, 2006). For 
WDNs, the spectral gap generally ranges between 0 and 1.5 (Giudicianni et al., 2018).

The algebraic connectivity, 𝐴𝐴 𝐴𝐴2 , corresponds to the second smallest eigenvalue of the Laplacian matrix, 𝐴𝐴 𝐋𝐋 = 𝐃𝐃 –𝐀𝐀 , 
of the network (Fiedler, 1973), where 𝐴𝐴 𝐃𝐃 is the diagonal matrix of nodal degrees 𝐴𝐴 𝐴𝐴𝑖𝑖 . While the smallest eigenvalue 
of graph Laplacian is zero and its multiplicity equals the number of connected components in a network, a larger 
value of the algebraic connectivity 𝐴𝐴 𝐴𝐴2 indicates the fault tolerance of the network and its robustness against efforts 
to cut it into parts (Yazdani & Jeffrey, 2010). 𝐴𝐴 𝐴𝐴2 is non-zero if and only if a network is connected, that is it consists 
of a single component, and it ranges between 0 and 2 (Newman, 2010).

2.3.  Methodology

To evaluate the applicability of the previously introduced metrics for the characterization of changes in the tran-
sient response of a WDN when its topological structure is modified, the approach described below, whose scheme 
is reported in Figure 1, is adopted.

Let us consider a generic WDN of given topological characteristics and assume that the WDN includes 𝐴𝐴 𝐴𝐴 nodes 
and 𝐴𝐴 𝐴𝐴 links for a total of 𝐴𝐴 𝐴𝐴 loops (𝐴𝐴 𝐴𝐴 = 𝑚𝑚 − 𝑛𝑛 + 1 ). Let its original topological characteristics be hereinafter referred 
to as reference configuration, 𝐴𝐴 WDN1=ref . Starting from the reference configuration, additional topological config-
urations 𝐴𝐴 WDN𝑖𝑖 (with 𝐴𝐴 𝐴𝐴 = 2 ∶ 𝑁𝑁TC , being 𝐴𝐴 𝐴𝐴TC the total number of considered topological configurations) can be 
defined by closing IVs and thus removing the corresponding links (e.g., to create districts or to improve water 
quality aspects).

Figure 1.  Proposed methodology.
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On the one hand, for each network topological configuration 𝐴𝐴 WDN𝑖𝑖 (with 𝐴𝐴 𝐴𝐴 = 1 ∶ 𝑁𝑁TC ) the connectivity 
metrics values 𝐴𝐴 CM𝑗𝑗𝑗𝑗𝑗 (with 𝐴𝐴 𝐴𝐴 = 1, 2, . . . , 𝑁𝑁CM) can be computed. In the current study, the previously introduced 
metrics (𝐴𝐴 𝐴𝐴CM  = 5) are considered.

On the other hand, in the event of generic forcing factors acting in the network—such as the closing/opening of 
a valve or the switch on/off of a pump—pressure waves will be generated and propagate throughout the network 
according to its topological configuration, 𝐴𝐴 WDN𝑖𝑖 . The interaction of pressure waves with WDN topological struc-
ture will generate time-varying pressure changes at each node.

On a defined time window, the effects in terms of pressure surge can be evaluated by means of the MOC-based 
model. In particular, for each node, the value of 𝐴𝐴 ∆𝑝𝑝 = 𝑝𝑝max − 𝑝𝑝min can be computed. It represents the range in 
which the pressure fluctuates at the node during the whole simulation, 𝐴𝐴 𝐴𝐴max and 𝐴𝐴 𝐴𝐴min being the maximum and 
minimum values of the simulated pressure signal 𝐴𝐴 𝐴𝐴 at the node during the considered time window.

In terms of the 𝐴𝐴 ∆𝑝𝑝 -values observed at each node of the network, the effects on the whole system can be summa-
rized for a given network topological configuration 𝐴𝐴 WDN𝑖𝑖 through the cumulative frequency distribution (𝐴𝐴 CFD𝑖𝑖 ) 
of the 𝐴𝐴 ∆𝑝𝑝 values at all nodes. Furthermore, the values at the 50th and 90th percentiles of the 𝐴𝐴 CFD𝑖𝑖 —henceforth 
indicated as 𝐴𝐴 ∆𝑝𝑝50,𝑖𝑖 and 𝐴𝐴 ∆𝑝𝑝90,𝑖𝑖 —can be considered as representative of the average and extreme transient response 
of such a configuration, respectively. For the reference configuration (i.e., 𝐴𝐴 𝐴𝐴 = 1 ), the average and extreme tran-
sient response are hereinafter indicated as 𝐴𝐴 ∆𝑝𝑝50,ref and 𝐴𝐴 ∆𝑝𝑝90,ref , respectively.

In order to compare the presumably different response of the network topological configuration 𝐴𝐴 WDN𝑖𝑖 with 
respect to the reference one, the ratios 𝐴𝐴

∆𝑝𝑝50,𝑖𝑖

∆𝑝𝑝50,ref
 and 𝐴𝐴

∆𝑝𝑝90,𝑖𝑖

∆𝑝𝑝90,ref
 are evaluated for all the 𝐴𝐴 𝐴𝐴TC topologies.

Finally, the ability of each connectivity metric 𝐴𝐴 CM𝑗𝑗 (with 𝐴𝐴 𝐴𝐴 = 1, 2, . . . , 𝑁𝑁CM ) to provide useful insights into the 
effects of topological structure changes on the average and extreme transient responses of the network is eval-
uated considering the correlation between 𝐴𝐴 CM𝑗𝑗𝑗𝑗𝑗 and the corresponding pressure variation indicators 𝐴𝐴

∆𝑝𝑝50,𝑖𝑖

∆𝑝𝑝50,ref
 and 

𝐴𝐴
∆𝑝𝑝90,𝑖𝑖

∆𝑝𝑝90,ref
 (with 𝐴𝐴 𝐴𝐴 = 1 ∶ 𝑁𝑁TC ).

2.4.  Case Studies

The above proposed method is applied to two WDNs, a simple lattice and a real one. The description of the two 
networks and details on the application of the transient model to each WDN are reported in the following.

2.4.1.  The Simple Lattice Network

A simple WDN is first considered, whose scheme is reported in Figure 2a. The network presents a lattice layout 
featuring 𝐴𝐴 𝐴𝐴 = 16 loops. At the end of each pipe an IV is placed, that can be closed to create different network 
layouts. Overall, 80 IVs are installed. From an operational standpoint, each IV is modeled as a short link delim-
ited by two nodes and its closure implies the removal of the link associated with it. In Figure 2, only numbers of 
main nodes (i.e., the ones representing vertices of the loops) are reported whereas black valves represent closed 
IVs (i.e., removed links).

The network is supplied by a reservoir located at node 1, where a constant head of 35 m is imposed, and all pipes 
are characterized by the same diameter, 𝐴𝐴 𝐴𝐴 (DN125), length, 𝐴𝐴 𝐴𝐴  (100 m), and wave speed, 𝐴𝐴 𝐴𝐴  (500 m/s). This looped 
layout will henceforth be referred to as the original or reference configuration or 𝐴𝐴 WDN1=ref . Starting from the 
reference configuration, additional configurations, characterized by an equal number of nodes, 𝐴𝐴 𝐴𝐴 , but different 
number of links, 𝐴𝐴 𝐴𝐴 , were created by removing a growing number of short links corresponding to closed IVs 
leading to a total number of configurations 𝐴𝐴 𝐴𝐴TC  = 52, including the reference one. For each configuration the 
links corresponding to closed IVs to be removed were randomly selected ensuring in any case that all nodes were 
connected to the reservoir. As an example, three of this 𝐴𝐴 𝐴𝐴TC − 1 additional configurations, obtained by closing 
an increasing number of IVs (12, 15, and 16) and indicated as 𝐴𝐴 WDN2 , 𝐴𝐴 WDN3 , and 𝐴𝐴 WDN4 , are also reported in 
Figures 2b–2d.

The transient scenario to which the lattice network was subjected consists in a maneuver generating a pressure 
wave at a node, representing for example, a hydrant. In greater detail, the maneuver consists in an almost instanta-
neous reduction from 5 to 0.05 L/s of the discharge at a given node, while no maneuvers are executed at the other 
nodes. To evaluate the global response of each configuration of the lattice network, more than one scenario per 
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configuration was evaluated. In fact, for each one of the 𝐴𝐴 𝐴𝐴TC configurations, the fast reduction of the discharge 
at one node (from 3 to 26) at a time was considered and, consequently, 24 scenarios were produced and as many 
corresponding hydraulic simulations were conducted. The WDN transient response was evaluated considering 
a simulation time window, 𝐴𝐴 𝐴𝐴sim , equal to 30 s. This simulation time was chosen so as to gather the development 
of the pressure wave generated in the generic node, having in mind the characteristics of the network (i.e., pipe 
lengths and pressure wave speeds). The time step of the simulation 𝐴𝐴 ∆𝑡𝑡 was assumed equal to 0.002 s and a slight 
adjustment of lengths was applied to respect the Courant condition (Wylie & Streeter, 1993).

2.4.2.  The Real WDN

The second case study considered is a real complex WDN (Alvisi & Franchini, 2006), the layout of which is 
shown in Figure 3. The system, which has an almost constant altimetry, has a total length of approximately 90 km 

Figure 2.  Layout of the simple network in configuration (a) 𝐴𝐴 WDN1=ref , (b) 𝐴𝐴 WDN2 , (c) 𝐴𝐴 WDN3 , and (d) 𝐴𝐴 WDN4 . Note that only numbers of main nodes are reported 
whereas black valves represent closed isolation valves corresponding, by a computational point of view, to removed short links.
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of cast-iron and steel pipes with diameter ranging from 25 to 600 mm and it 
is supplied by a reservoir. 50.000 inhabitants are supplied by the WDN corre-
sponding to an average total net inflow of about 165 L/s.

The network consists of 𝐴𝐴 𝐴𝐴  = 1,507 nodes and 𝐴𝐴 𝐴𝐴  = 1,795 pipes, of which 844 
are IVs, for a total of 𝐴𝐴 𝐴𝐴 = 289 loops. In the numerical simulations, a constant 
head of 30 m was imposed at the reservoir (i.e., node 1) and a constant value 
of the pressure wave speed, 𝐴𝐴 𝐴𝐴  , was assumed for cast-iron (c = 900 m/s) and 
steel (c = 1,000 m/s) pipes (Pothof & Karney, 2012). With reference to the 
pressure wave speed, constant values were assumed irrespectively of the 
diameter and the wall thickness. In fact, a sensitivity analysis confirms that 
slight variations of this parameter, due to the different value of the pipe diam-
eter and thickness, do not impact significantly on the numerical results. Start-
ing from the original configuration, that is, the reference configuration of the 
network where all the IVs are open, different configurations were obtained 
with an increasing number of branches. The progressive closure of the IVs in 
the network gave a total of 𝐴𝐴 𝐴𝐴TC  = 126 configurations, including the reference 
configuration. In the creation of the different configurations, the full connec-
tivity of the system and decreasing pipe diameters toward the downstream 
areas of the network were guaranteed.

For the real WDN, a different type of transient scenario with respect to the 
lattice network was considered. The WDN was assumed to be subjected to 
users' activity, that is, the closing/opening of domestic devices, that can stress 
the network with small entity pressure waves, almost continuous in time 
but also distributed in space, as highlighted in recent studies (e.g., Marsili 
et  al.,  2021). The approach for the characterization of water consumption 
proposed in Marsili et  al.  (2022) was adopted. In fact, use was made of 

demand time series at the level of individual users, with a 1-s time step, but observed in another network. These 
series were aggregated at the nodal level so as to obtain for each node an average water demand equivalent to 
the average annual demand at that node, the latter statistic being available from consumption billing. Moreover, 
the variations in demand were simulated assuming a realistic maneuver time of a fraction of a second, that is, 

𝐴𝐴 𝐴𝐴man  = 0.5  s. Such a value has been suggested by the preliminary tests carried out at the Water Engineering 
Laboratory of the University of Ferrara aimed to derive the tap maneuvering time. The water demand scenario 
obtained was imposed for each one of the 𝐴𝐴 𝐴𝐴TC configurations.

For all the 𝐴𝐴 𝐴𝐴TC configurations, the simulation in unsteady flow conditions of the network subject to the user 
activity scenario was performed using the WDN transient model introduced above. A simulation time window 

𝐴𝐴 𝐴𝐴sim  = 600 s was applied to gather the development of pressure waves generated by users' and thus the dynamic 
behavior of the whole system. A time step of the simulation 𝐴𝐴 ∆𝑡𝑡 equal to 0.01 s was assumed and each pipe was 
divided in an integer number of reaches by means of a slight adjustment of lengths in respect of the Courant 
condition.

3.  Analysis of the Results
In the following, the results of the application of the proposed approach to the two WDNs are presented and the 
relationship between the 𝐴𝐴 𝐴𝐴CM  = 5 CMs and their dynamic behavior is analyzed.

3.1.  The Simple Lattice Network

First, the results of the application of the proposed approach to the simple lattice network and the 𝐴𝐴 𝐴𝐴TC  = 52 
defined configurations are analyzed. On the one hand, the 𝐴𝐴 𝐴𝐴CM CMs considered in the study was evaluated for 
each network topological configuration 𝐴𝐴 WDN𝑖𝑖 (with 𝐴𝐴 𝐴𝐴 = 1 ∶ 𝑁𝑁TC ). On the other hand, for each network topolog-
ical configuration 𝐴𝐴 WDN𝑖𝑖 unsteady flow simulations were executed in the face of 24 transient scenario of single 
maneuvers defined above. Based on the results obtained, some observations can be made.

As an example, in Figure 4 𝐴𝐴 ∆𝑝𝑝 is shown for each node of the network in configuration 𝐴𝐴 WDN1=ref (Figure 4a), 
𝐴𝐴 WDN2 (Figure 4b), 𝐴𝐴 WDN3 (Figure 4c), and 𝐴𝐴 WDN4 (Figure 4d) through a chromatic scale in the event of the fast 

Figure 3.  Layout of the real water distribution network.
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reduction (from 5 to 0.05 L/s) of the discharge at node 20. First, it is evident that the transient responses of the 
lattice network in the modified configurations (𝐴𝐴 WDN2 , 𝐴𝐴 WDN3 , and 𝐴𝐴 WDN4 ) are different from the response of the 
network in configuration 𝐴𝐴 WDN1=ref , being the geometric characteristics, pipe diameters, wave speed and forcing 
factor the same for all the configurations. In particular, as the number of branches (interconnections) increases 
(decreases), a larger number of nodes are affected by a more significant 𝐴𝐴 ∆𝑝𝑝 .

Similar results are obtained when other transient scenarios are considered, that is, when the fast closure is executed 
at a different node. Overall, the global response of the network in configuration 𝐴𝐴 WDN1=ref , 𝐴𝐴 WDN2 , 𝐴𝐴 WDN3 , and 

Figure 4. 𝐴𝐴 ∆𝑝𝑝 variations at each node due to a fast closure at node 20 of the network in configuration (a) 𝐴𝐴 WDN1=ref , (b) 𝐴𝐴 WDN2 , (c) 𝐴𝐴 WDN3 , and (d) 𝐴𝐴 WDN4 obtained by 
unsteady flow simulation.
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𝐴𝐴 WDN4 due to all the single closure maneuvers carried out one at a time at 
each network node is described by the 𝐴𝐴 CFD  of 𝐴𝐴 ∆𝑝𝑝 at all main nodes (i.e., from 
1 to 26) shown in Figure 5. The reciprocal position of the curves—and there-
fore the values of 𝐴𝐴 ∆𝑝𝑝50 and 𝐴𝐴 ∆𝑝𝑝90 —highlights that the topological structure 
influences the transient response of the system. In particular, as the number 
of branches in the network increases, the 𝐴𝐴 CFD of 𝐴𝐴 ∆𝑝𝑝 tends to shift to the right.

𝐴𝐴 ∆𝑝𝑝50 and 𝐴𝐴 ∆𝑝𝑝90 were evaluated by the 𝐴𝐴 CFD obtained for each one of the 𝐴𝐴 𝐴𝐴TC 
configurations. These parameters were considered representative of the aver-
age and extreme transient response of the given network configuration. In 
order to compare the response of a given network topological configuration 

𝐴𝐴 WDN𝑖𝑖 (with 𝐴𝐴 𝐴𝐴 = 1 ∶ 𝑁𝑁TC ) with respect to the reference one, the dimension-

less response of the system at the 50th and 90th percentiles, 𝐴𝐴
∆𝑝𝑝50,𝑖𝑖

∆𝑝𝑝50,ref
 and 𝐴𝐴

∆𝑝𝑝90,𝑖𝑖

∆𝑝𝑝90,ref
 , 

were determined.

In Figure  6, the dimensionless responses of the systems 𝐴𝐴
∆𝑝𝑝50,𝑖𝑖

∆𝑝𝑝50,ref
 and 𝐴𝐴

∆𝑝𝑝90,𝑖𝑖

∆𝑝𝑝90,ref
 

considering all the 𝐴𝐴 𝐴𝐴TC  = 52 configurations are related to the values of the 

𝐴𝐴 𝐴𝐴CM  = 5 CMs. Accordingly, each plotted point represents the relationship 
between the computed dynamic behavior of a WDN in a given configuration 
and the topological properties of such network configuration expressed in 
terms of a given CM. The stars refer to the lattice network in its reference 
configuration (or 𝐴𝐴 WDN1=ref ), whose response in terms of 𝐴𝐴

∆𝑝𝑝50,𝑖𝑖

∆𝑝𝑝50,ref
 and 𝐴𝐴

∆𝑝𝑝90,𝑖𝑖

∆𝑝𝑝90,ref
 is 

equal to one.

Figure 5.  Cumulative frequency distributions of pressure variations 𝐴𝐴 ∆𝑝𝑝 
stressing the network nodes in different configurations.

Figure 6.  Connectivity metrics (𝐴𝐴 𝑑𝑑  , 𝐴𝐴 𝐴𝐴𝑚𝑚 , 𝐴𝐴 DE , 𝐴𝐴 Δ𝜆𝜆 , and 𝐴𝐴 𝐴𝐴2 ) as a function of the dimensionless transient responses of the water distribution network considered in the 𝐴𝐴 𝐴𝐴TC 
configurations. The stars indicate the network in its reference configuration whereas the blue, green, and yellow squares refer to configurations 𝐴𝐴 WDN2 , 𝐴𝐴 WDN3 , and 

𝐴𝐴 WDN4 , respectively.
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First, it can be seen that as the number of branches in the network increases, and the number of loops decreases, 
𝐴𝐴 𝑑𝑑 , 𝐴𝐴 𝐴𝐴𝑚𝑚 , 𝐴𝐴 Δ𝜆𝜆 , and 𝐴𝐴 𝐴𝐴2 tend to decrease while 𝐴𝐴 DE tends to increase. Moreover, it can be observed that there is a 

correlation between the average degree 𝐴𝐴 𝑑𝑑 , meshedness coefficient, 𝐴𝐴 𝐴𝐴𝑚𝑚 , algebraic connectivity, 𝐴𝐴 𝐴𝐴2 , and number of 
single-degree nodes, 𝐴𝐴 DE , and the dynamic behavior of the system. Indeed, it can be observed from the quite regu-
lar point distributions that as the number of branches increases, and therefore as the redundancy of the network 
decreases, the transient response of the network is emphasized up to about 1.5 times compared to the average 
response 𝐴𝐴 ∆𝑝𝑝50,ref of the reference configuration (i.e., 𝐴𝐴 WDN1=ref ) and about 2 times compared to the extreme 
response 𝐴𝐴 ∆𝑝𝑝90,ref . On the other hand, the spectral gap 𝐴𝐴 Δ𝜆𝜆 is not effective in representing the dynamic behavior of 
the network as its configuration changes and responds with a scattered distribution.

These evaluations are quantitatively verified by determining the Spearman's rank correlation coefficient, 𝐴𝐴 𝐴𝐴𝑆𝑆 , and 
the Pearson correlation coefficient, 𝐴𝐴 𝐴𝐴𝑃𝑃 , between the CMs and the dimensionless average and extreme transient 
responses of the network, 𝐴𝐴

∆𝑝𝑝50

∆𝑝𝑝50,ref
 and 𝐴𝐴

∆𝑝𝑝90

∆𝑝𝑝90,ref
 (Table 1). The correlation analysis confirms that for 𝐴𝐴 𝑑𝑑 , 𝐴𝐴 𝐴𝐴𝑚𝑚 , and 𝐴𝐴 𝐴𝐴2 a 

strong negative correlation to the network response exists. Similarly, 𝐴𝐴 DE shows a strong positive correlation to the 
network response. On the contrary, 𝐴𝐴 Δ𝜆𝜆 is only weakly correlated to the network response.

Some additional comments can be provided for the single CMs. Focusing the attention on the first two metrics, 𝐴𝐴 𝑑𝑑 
and 𝐴𝐴 𝐴𝐴𝑚𝑚 , they provide the highest correlation coefficients with 𝐴𝐴 𝐴𝐴𝑆𝑆 values of about −0.91 and −0.95—and 𝐴𝐴 𝐴𝐴𝑃𝑃 values 
of −0.89 and −0.92, respectively—for the average and extreme response, respectively. Furthermore, they result 
perfectly correlated to each other given their direct relation with the number of nodes 𝐴𝐴 𝐴𝐴 and links 𝐴𝐴 𝐴𝐴 . Therefore, 
the benefit arising from their use is equivalent. At the same time 𝐴𝐴 𝑑𝑑 and 𝐴𝐴 𝐴𝐴𝑚𝑚 show a similar drawback. Indeed, 
they do not allow distinguishing configurations characterized by the same number of nodes, 𝐴𝐴 𝐴𝐴 , and links, 𝐴𝐴 𝐴𝐴 , but 
a different connectivity structure. In this study, the variations of 𝐴𝐴 𝑑𝑑 and 𝐴𝐴 𝐴𝐴𝑚𝑚 values are attributed to the change in 
the number of links, 𝐴𝐴 𝐴𝐴 , due to removing of links corresponding to closed IVs, given that the number of nodes, 

𝐴𝐴 𝐴𝐴 , is the same for different configurations. As a result, different configurations featuring the same number of 
links 𝐴𝐴 𝐴𝐴 are characterized by the same value of the metrics 𝐴𝐴 𝑑𝑑 and 𝐴𝐴 𝐴𝐴𝑚𝑚 . Such a feature can be observed in Figure 6, 
where the points tend to be distributed along the horizontal line and each set of points in each line corresponds to 
different configurations with the same number of nodes and links. In practice, 𝐴𝐴 𝑑𝑑 and 𝐴𝐴 𝐴𝐴𝑚𝑚 cannot take into account 
the position of the valves that have been closed.

An increase of the number of closed IVs (i.e., a decrease in the number of links, 𝐴𝐴 𝐴𝐴 ), the number of nodes 𝐴𝐴 𝐴𝐴 being 
equal, tends to increase the value of the metric 𝐴𝐴 DE , that is the number of dead ends in the network. In fact, the 
closure of an IV can generate at least one (see Figure 7a) but also a higher number of dead ends (see Figure 7b). 
In fact, the two configurations shown in Figures 7a and 7b present the same number of closed IVs (=2), and thus 
the same number of removed links and, accordingly, the same 𝐴𝐴 𝑑𝑑 and 𝐴𝐴 𝐴𝐴𝑚𝑚 values, but a different number of the 
generated dead ends (2 vs. 3). This aspect is the main reason behind the high but not perfect correlation between 
the first two metrics 𝐴𝐴 𝑑𝑑 and 𝐴𝐴 𝐴𝐴𝑚𝑚 and the third one, 𝐴𝐴 DE which, anyway, provides very high correlation coefficients 
with the network response, equivalent to 𝐴𝐴 𝑑𝑑 and 𝐴𝐴 𝐴𝐴𝑚𝑚 .

In addition, dead ends have an important role. In fact, pressure wave doubles at a dead end. Accordingly, many dead 
ends globally emphasizes the network response. Moreover, it is important to note that the increase of the number 

𝐴𝐴 𝐴𝐴𝑆𝑆 (𝐴𝐴 𝐴𝐴𝑃𝑃 )𝐴𝐴 ∆𝑝𝑝50∕∆𝑝𝑝50,ref 𝐴𝐴 ∆𝑝𝑝90∕∆𝑝𝑝90,ref  𝐴𝐴 𝑑𝑑   𝐴𝐴 𝐴𝐴𝑚𝑚  𝐴𝐴 DE  𝐴𝐴 Δ𝜆𝜆  𝐴𝐴 𝐴𝐴2 

𝐴𝐴 ∆𝑝𝑝50∕∆𝑝𝑝50,ref  1.00 (1.00) 0.92 (0.89) −0.91 (−0.89) −0.91 (−0.89) 0.91 (0.89) −0.05 (0.07) −0.84 (−0.82)

𝐴𝐴 ∆𝑝𝑝90∕∆𝑝𝑝90,ref  1.00 (1.00) −0.95 (−0.92) −0.95 (−0.92) 0.94 (0.92) −0.09 (0.01) −0.95 (−0.87)

𝐴𝐴 𝑑𝑑   1.00 (1.00) 1.00 (1.00) −0.99 (−0.99) 0.12 (0.06) 0.91 (0.90)

𝐴𝐴 𝐴𝐴𝑚𝑚  1.00 (1.00) −0.99 (−0.99) 0.12 (0.06) 0.91 (0.90)

𝐴𝐴 DE  1.00 (1.00) −0.12 (−0.06) −0.91 (−0.90)

𝐴𝐴 Δ𝜆𝜆  1.00 (1.00) 0.10 (0.04)

𝐴𝐴 𝐴𝐴2  1.00 (1.00)

Table 1 
Correlation Coefficient Matrix Assessed With Reference to the Transient Response of the Simple Lattice Network and the 
Values of the Connectivity Metrics, Evaluated by Means of Spearman's Rank Definition, 𝐴𝐴 𝐴𝐴𝑆𝑆 and Pearson Definition, 𝐴𝐴 𝐴𝐴𝑃𝑃 
(Given in Brackets)
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of dead ends causes a decrease in the number of loops 𝐴𝐴 𝐴𝐴 in the system, the latter reflecting on the decrease of the 
meshedness coefficient 𝐴𝐴 𝐴𝐴𝑚𝑚 and its redundancy.

Considering the spectral metrics, they provide quite different performances. In fact, the spectral gap, 𝐴𝐴 Δ𝜆𝜆 , is not 
able to provide useful information, being the correlation coefficient very low. Indeed, drawbacks of this metric 
whenever applied for the characterization of WDN have been already pointed out by Torres et al.  (2016) for 
steady-state conditions.

Concerning the last spectral metric, that is, the algebraic connectivity, 𝐴𝐴 𝐴𝐴2 , the obtained results can be inter-
preted recalling that the algebraic connectivity tends to decrease when network robustness decreases (Yazdani & 
Jeffrey, 2010). As highlighted above, a WDN is robust if great effort is needed to cut it into parts and this concept 
can be effectively caught by looking at the example shown in Figure 8. The network configuration in Figure 8a 
is less robust than the one in Figure 8b since the network on the left can be split in two parts by closing only 
one further IV (the one below node 9) whereas a greater number of closures is needed to disconnect the network 
configuration on the right. Indeed, values of the algebraic connectivity, 𝐴𝐴 𝐴𝐴2 , reflect this feature of these networks 
resulting 0.0080 for the network configuration on the left (Figure 8a) and 0.0095 for the network configuration 
on the right (Figure 8b).

Figure 7.  Example of two different network layouts featuring the same number of isolation valves (IVs) with a different number of dead ends: (a) closure of two IVs 
generating two dead ends and (b) closure of two IVs generating three dead ends.

Figure 8.  Example of two different network layouts featuring the same number of isolation valves but different algebraic connectivity 𝐴𝐴 𝐴𝐴2 : (a) 𝐴𝐴 𝐴𝐴2 = 0.0080 and 
(b) 𝐴𝐴 𝐴𝐴2 = 0.0095 .
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All in all, it can be noted that the values of algebraic connectivity change in line with the meshedness coefficient, 
𝐴𝐴 𝐴𝐴𝑚𝑚 (or the average node-degree 𝐴𝐴 𝑑𝑑 ) and this may be interpreted by stating that structural robustness in a network 

is positively correlated with the existence of loops redundancy (Yazdani & Jeffrey, 2012). However, if metrics 
performance is considered, the algebraic connectivity, 𝐴𝐴 𝐴𝐴2 , and the robustness concept embodied in its definition, 
shows slightly lower values of the correlation coefficient with respect to the meshedness coefficient, 𝐴𝐴 𝐴𝐴𝑚𝑚 , i.e., 
more directly related to the number of loops in the network.

3.2.  The Real WDN

For each one of the 𝐴𝐴 𝐴𝐴TC   =  126 configurations of the real WDN, the relationship between the values of the 
𝐴𝐴 𝐴𝐴CM  = 5 CMs and the dimensionless responses of the system, 𝐴𝐴

∆𝑝𝑝50

∆𝑝𝑝50,ref
 and 𝐴𝐴

∆𝑝𝑝90

∆𝑝𝑝90,ref
 , evaluated by unsteady flow simu-

lations in the face of the users' activity transient scenario, are shown in Figure 9. For each metric, the response of 
the reference configuration in terms of 𝐴𝐴

∆𝑝𝑝50

∆𝑝𝑝50,ref
 and 𝐴𝐴

∆𝑝𝑝90

∆𝑝𝑝90,ref
 is equal to one and is indicated by a star.

Also in the case of the real WDN, it can be observed that 𝐴𝐴 𝑑𝑑 , 𝐴𝐴 𝐴𝐴𝑚𝑚 , 𝐴𝐴 DE , and 𝐴𝐴 𝐴𝐴2 are effectively related to the dynamic 
behavior of the system, showing quite regular point distributions. On the other hand, the spectral gap, 𝐴𝐴 Δ𝜆𝜆 , is not 
effective in representing the dynamic behavior of the network as its configuration changes and responds once 
again with a scattered distribution.

This is confirmed by the Spearman's rank correlation coefficient, 𝐴𝐴 𝐴𝐴𝑆𝑆 , and the Pearson correlation coefficient, 
𝐴𝐴 𝐴𝐴𝑃𝑃 , between the CMs and the dimensionless average and extreme transient responses of the network, 𝐴𝐴

∆𝑝𝑝50

∆𝑝𝑝50,ref
 and 

𝐴𝐴
∆𝑝𝑝90

∆𝑝𝑝90,ref
 , shown in Table 2. In fact, for 𝐴𝐴 𝑑𝑑 , 𝐴𝐴 𝐴𝐴𝑚𝑚 , and 𝐴𝐴 𝐴𝐴2 a strong negative correlation to the network response results. 

Similarly, 𝐴𝐴 DE shows a strong positive correlation to the network response. 𝐴𝐴 Δ𝜆𝜆 is only weakly correlated to the 
network response also in the case of the real WDN.

Nonetheless the limits highlighted in the previous subsection, the metrics 𝐴𝐴 𝑑𝑑 and 𝐴𝐴 𝐴𝐴𝑚𝑚 provide again the highest correla-
tion coefficients, with 𝐴𝐴 𝐴𝐴𝑆𝑆 values of about −0.98 and −0.99 and 𝐴𝐴 𝐴𝐴𝑃𝑃 values of −0.96 and −0.98, followed by 𝐴𝐴 DE and 𝐴𝐴 𝐴𝐴2 .

Figure 9.  Connectivity metrics (𝐴𝐴 𝑑𝑑  , 𝐴𝐴 𝐴𝐴𝑚𝑚 , 𝐴𝐴 DE , 𝐴𝐴 Δ𝜆𝜆 , and 𝐴𝐴 𝐴𝐴2 ) as a function of the dimensionless transient responses of the real network considered in the 𝐴𝐴 𝐴𝐴TC configurations. 
The stars indicate the network in its reference configuration.
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4.  Conclusions
The aim of this paper is to evaluate the effectiveness of some connectivity indicators in representing the alter-
ation of the transient response of a system in the face of a change in its topological structure. To this end, 
five CMs drawn from graph theory (i.e., the average degree 𝐴𝐴 𝑑𝑑 , the meshedness coefficient 𝐴𝐴 𝐴𝐴𝑚𝑚 , the number of 
single-degree nodes 𝐴𝐴 DE , the spectral gap 𝐴𝐴 Δ𝜆𝜆 , and the algebraic connectivity 𝐴𝐴 𝐴𝐴2 ) have been considered. They 
are compared in terms of the ability to represent the dynamic behavior of two networks subjected to different 
transient scenarios, when their topological structure is modified by closing an increasing number of IVs. The 
main results are:

•	 �topology modifications are confirmed to have an impact on the transient response of WDNs. In particular, as 
the number of branches increases and the number of interconnections and loops decreases, the pressure stress 
state of the network is emphasized;

•	 �overall, the CMs show a correlation with the average and extreme transient response of a network. Precisely, 
𝐴𝐴 𝑑𝑑 , 𝐴𝐴 𝐴𝐴𝑚𝑚 , 𝐴𝐴 DE , and 𝐴𝐴 𝐴𝐴2 are the metrics that most effectively reflect the dynamic behavior of the system, whereas 
𝐴𝐴 Δ𝜆𝜆 is not representative showing a scattered distribution;

•	 �among the CMs that show a good performance in representing the dynamic behavior of a network (i.e., 𝐴𝐴 𝑑𝑑 , 𝐴𝐴 𝐴𝐴𝑚𝑚 , 
𝐴𝐴 DE , and 𝐴𝐴 𝐴𝐴2 ), the three combinatoric-based metrics (i.e., 𝐴𝐴 𝑑𝑑 , 𝐴𝐴 𝐴𝐴𝑚𝑚 , and 𝐴𝐴 DE ) show a very strong correlation with 

the transient response of a network and, given their almost perfect correlation, considering one or the other of 
these three metrics is equivalent. The correlation coefficient of the algebraic connectivity 𝐴𝐴 𝐴𝐴2 is slightly lower 
than the other metrics. In fact, the metrics that are more directly related to the number of nodes, links, loops 
and dead ends seem to better reflect the transient response of a WDN. This result confirms the significant 
impact that looped and tree-like structures have in the development of the dynamic behavior of a network. On 
the one hand, loops facilitate the fragmentation and the dampening of pressure waves whereas, a high number 
of dead ends emphasizes pressure waves and the global transient response of the system.

This paper shows that the use of CMs can be effectively extended from a steady-state framework to a dynamic 
one and their ability to represent the dynamic behavior of a WDN as its configuration changes could be exploited 
during network modification phases. Thus, the metrics could be effectively used for a preliminary evaluation of 
the impact of the sectorization of a system (e.g., in the case of DMAs creation or for the purpose of ensuring 
water quality) on the variation in the pressure stress to which it will be subjected once the modification is applied. 
In greater detail, these metrics clearly cannot provide a comprehensive characterization of the transient response 
of a WDN, as they are not able to provide all the information that could be obtained from a transient simulation 
taking into account factors, such as diameters and materials of pipes, or dominant frequencies. Despite this, graph 
theory metrics may serve to complement traditional physics-based computer models of WDNs by providing inex-
pensive proxies on system-level performance. From an operational standpoint, these metrics can help avoiding a 
significant number of simulations in unsteady-state conditions to be executed. In fact, the transient response of a 
network with a given connectivity, and therefore a related metric, can be easily approximated after the classifi-
cation of a very small number of exact solutions, which may be evaluated for “extreme” network configurations, 
that is, highly looped or highly branched layouts.

𝐴𝐴 𝐴𝐴𝑆𝑆 (𝐴𝐴 𝐴𝐴𝑃𝑃 )𝐴𝐴 ∆𝑝𝑝50∕∆𝑝𝑝50,ref 𝐴𝐴 ∆𝑝𝑝90∕∆𝑝𝑝90,ref  𝐴𝐴 𝑑𝑑   𝐴𝐴 𝐴𝐴𝑚𝑚  𝐴𝐴 DE  𝐴𝐴 Δ𝜆𝜆  𝐴𝐴 𝐴𝐴2 

𝐴𝐴 ∆𝑝𝑝50∕∆𝑝𝑝50,ref  1.00 (1.00) 0.97 (0.97) −0.98 (−0.96) −0.98 (−0.96) 0.98 (0.96) 0.58 (0.52) −0.97 (−0.97)

𝐴𝐴 ∆𝑝𝑝90∕∆𝑝𝑝90,ref  1.00 (1.00) −0.99 (−0.98) −0.99 (−0.98) 0.99 (0.98) 0.57 (0.53) −0.97 (−0.97)

𝐴𝐴 𝑑𝑑   1.00 (1.00) 1.00 (1.00) −1.00 (−1.00) −0.58 (−0.56) 0.98 (0.98)

𝐴𝐴 𝐴𝐴𝑚𝑚  1.00 (1.00) −1.00 (−1.00) −0.58 (−0.56) 0.98 (0.98)

𝐴𝐴 DE  1.00 (1.00) 0.58 (0.56) −0.98 (−0.98)

𝐴𝐴 Δ𝜆𝜆  1.00 (1.00) −0.57 (−0.54)

𝐴𝐴 𝐴𝐴2  1.00 (1.00)

Table 2 
Correlation Coefficient Matrix Assessed With Reference to the Transient Response of the Real Water Distribution Network 
and the Values of the Connectivity Metrics and Evaluated by Means of Spearman's Rank Definition, 𝐴𝐴 𝐴𝐴𝑆𝑆 and Pearson 
Definition, 𝐴𝐴 𝐴𝐴𝑃𝑃 (Given in Brackets)
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The metrics considered in this paper represent an initial subset from a vast collection of graph theory properties 
already known in the literature. In this regard, further studies are ongoing to test the effectiveness of other known 
metrics and new ones that can also take into account pipe features affecting the development of pressure waves, 
such as pipe diameter and material. Moreover, additional research is needed to explore other complex real cases 
of WDNs and alternative transient scenarios with different forcing factors.

Data Availability Statement
Data are available at the following link: https://doi.org/10.5281/zenodo.8172321.
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