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Abstract: As environmental change is happening at an unprecedented pace, a reliable and proper
urban drainage design is required to alleviate the negative effects of unexpected extreme rainfall
events occurring due to the natural and anthropogenic variations such as climate change and
urbanization. Since structure/configuration of a stormwater network plays an imperative role in
the design and hydraulic behavior of the system, the goal of this paper is to elaborate upon the
significance of possessing redundancy (e.g., alternative flow paths as in loops) under simultaneous
hydraulic design in stormwater pipe networks. In this work, an innovative approach based on
complex network properties is introduced to systematically and successively reduce the number of
loops and, therefore, the level of redundancy, from a given grid-like (street) network. A methodology
based on hydrodynamic modelling is utilized to find the optimal design costs for all created structures
while satisfying a number of hydraulic design constraints. As a general implication, when structures
are subject to extreme precipitation events, the overall capability of looped configurations for
discharging runoff more efficiently is higher compared to more branched ones. The reason is due
to prevailing (additional) storage volume in the system and existing more alternative water flow
paths in looped structures, as opposed to the branched ones in which only unique pathways for
discharging peak runoff exist. However, the question arises where to best introduce extra paths in the
network? By systematically addressing this question with complex network analysis, the influence
of downstream loops was identified to be more significant than that of upstream loops. Findings,
additionally, indicated that possessing loop and introducing extra capacity without determining
appropriate additional pipes positions in the system (flow direction) can even exacerbate the efficiency
of water discharge. Considering a reasonable and cost-effective budget, it would, therefore, be
worthwhile to install loop-tree-integrated stormwater collection systems with additional pipes at
specific locations, especially downstream, to boost the hydraulic reliability and minimize the damage
imposed by the surface flooding upon the metropolitan area.

Keywords: urban flooding; complex network analysis; alternative flow paths; total system cost

1. Introduction

Due to the unfavorable and deleterious impact of extreme urban inundations on the environment,
society and economy, significant attention should be devoted to flood risk management in
municipal areas. There is a perception that the frequency and magnitude of flooding events that
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are overwhelming drainage infrastructures are expected to increase because of climate change and
urbanization [1]. The common design practice of the urban drainage systems is based on a specific
design storm with a given return period, which is derived from historical rainfall observations,
assuming stationary conditions. This results in a fixed urban drainage system capacity. However,
due to the change in the characteristics of rainfall distributions over time in many parts of the world,
the non-stationary behavior of rainfall time series might be dominant, which leads to unexpected high
intensity precipitation events [2], as well as rapid exceedance of the drainage systems’ capacity. Thus,
to tackle these anomalies, urban drainage infrastructures should be properly and reliably designed
to enhance the reliability and hydraulic response, while confronting any potential unpredicted
functional failures. Generally speaking, drainage network design is basically composed of two stages,
determining suitable hydraulic design (pipe-sizing process) and generating an appropriate spatial
layout/structure.

As far as hydraulic dimensioning is concerned, the storm sewer design of urban catchments is
typically based on the steady-state methods, such as the classic Rational method due to its simplicity,
quick implementation and few input parameters. However, these methods neglect complex flow
conditions such as backwater effect and pressurized flow, and tend to imprecisely assess maximum
design flows [3], especially when it comes to large networks as well as high intensity precipitation events.
Furthermore, a looped structure cannot be assessed with such steady-state methods. To overcome these
limitations, many researchers have extensively focused on optimal design processes using various
optimization techniques [4-12]. Since these optimization algorithms try to find the optimal combination
of pipe diameters as well as slopes among numerous candidates to achieve a minimum-cost solution
for the whole network, they are computationally very expensive.

Within the realm of layout design, one of the strategies to increase reliability or resilience of the
urban drainage systems is to implement redundancy-boosting solutions into the system. Redundancy
implies having multiple components with similar functions or having alternative elements in order
to minimize failure probability through the whole system [13]. Examples of adaption strategies to
increase redundancy characteristics of drainage systems fall into three groups. 1) implementing a
Best Management Practice (BMP) solution, e.g., centralized storage tanks, 2) identifying and replacing
critical pipes and 3) introducing parallel pipes or loops [14]. Nonetheless, the contribution of the
aforementioned adaptation strategies to the reliability and hydraulic improvement of the drainage
infrastructures is still unclear [15]. Hereinafter, when mentioning “redundancy” throughout this paper,
the third solution, which is having loops, is referred to.

Reliability, resilience and sustainability of grey, green and hybrid intervention strategies have been
broadly described and well understood [16]. In their study, they demonstrated that the robustness
measure of the grey infrastructures in terms of reliability, resilience and sustainability can be enhanced
by incorporating green retrofits. One of the efforts with respect to these interventions is the sponge
city initiative in China [17]. Similarly, there are numerous studies on the reduction impact of green
infrastructures on the functional failures (e.g., rainfall induced) of the urban drainage networks [18-21].
However, these studies have not considered the influence of structure (configuration) on this type
of failures, and thus flood reliability. As a result, the in-depth understanding of the network’s
structure (e.g., redundancy) is of high importance in the first place. Furthermore, the identification of
critical locations for having redundancy in the network is of high relevance even for hybrid solutions,
giving guidance on how to implement an appropriate layout with different structural properties (with
optimal location and optimal number of loops) in the grey part of the infrastructure. In this regard,
though stormwater drainage systems are fundamentally constructed in a tree-like structure due to
their gravity-driven nature (flowing along the gradients), adding (a few) additional pipes (building
loops) might significantly improve the network’s response for handling higher runoff volumes due to
more intense precipitations events. In this context, examples of studies are rare. Zhang et al. studied
the impact of branched and looped systems on the vulnerability of urban drainage systems based on
blockage scenarios (structural failures) [22]. Their results demonstrated that looped systems possessed
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a lesser proportion of critical elements compared to their branched counterparts. Likewise, the impact
of structures of different stormwater networks on the relationship between peak rainfall and runoff
(regression model) and their drainage density was studied [23]. Reyes-Silva et al. evaluated the
functional failures of eight subnetworks of the city of Dresden that have different characteristics in
terms of capacity as well as structure [24]. They inferred that networks with more meshed structural
characteristics are associated with less flooding volumes and flooding nodes compared to branched
ones. However, a generic and systematic technique, yielding numerous structures/configurations for a
specific given system, is still required.

Based on this, two important questions arise: (1) to what extent might possessing loops affect the
hydraulic design and performance of the stormwater collection systems? (2) Regarding construction
costs and hydraulic performance of the piped network, what would be the optimal number of loops
in the system? The main goal of this paper is, thus, to address these questions by developing an
automated method to consecutively eliminate the additional pipes from a base looped sewer system,
whose layout is mainly based on the street network system [25]. It is worth noting that unlike the
common approach of changing redundancy by adding extra pipes to an already designed branched
network (absolute increase in total system capacity), the additional pipes are removed one by one from
a fully looped base system with a simultaneous hydraulic design until attaining the branched one.
It can be said that the base system follows the more or less grid-wise structure of the street network.
This approach is particularly relevant for the design and hydraulic assessment of different stormwater
collection structures (with a different number of loops) to infer the optimal level of redundancy.

The objective of this paper is then as follows: (1) generate various stormwater structures/layouts
by consecutively and systematically analyzing the complex nature of the drainage network, and reduce
the number of loops from a given grid-like network using topological network properties; (2) design
all generated stormwater collection structures with the help of the one-dimensional Saint-Venant
shallow flow equation as well as the Manning equation with a two-stage sewer design described by
Shao et al. [26], which is more efficient and computationally faster than optimization techniques; (3)
evaluate the performance of all designed structures, which have a different number of loops, in terms
of cost and flooding behavior by considering the urbanization impact in order to finally tackle the
questions mentioned above.

2. Materials and Methods

2.1. Complex Network Analysis

An urban water network can be illustrated with a specific branch of mathematics called
graph theory. Manholes, storage units and outfalls of the system are represented as vertices in
the graph, and conduits, pumps and weirs are depicted as the edges. The incentive underlying
such integration is that the graph interpretation of the sewer network is computationally very fast
and effective [27]. In addition, for each edge of the graph, different edge weights can be allocated.
For instance, weighting function of the edges can be parameters like Euclidean distances (pipe lengths),
diameters or even hydraulic/functional properties such as velocity, maximum flow, etc. Since one
of the first steps of network design is to determine flow direction, corresponding graphs need to be
associated with direction, called directed graphs.

Applied in this study, the topological network attribute is edge betweenness centrality [28].
The betweenness of an edge corresponds to the number of the shortest paths between each pair
of vertices in the graph that passes through it. It also characterises the importance of edges for a
given network. In this work, nonetheless, for sewer systems, a customized modification is added:
edge betweenness corresponds to how frequent an edge is part of the shortest path between source
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vertices (S), or inlet nodes, to only target vertices (T), or outlet (s). Such modified edge betweenness
centrality is denoted here as EBC",, the equation of which is given by

EBC' —ﬁiﬁifﬂﬁi 1)
o s ST

where EBC*, is the modified edge betweenness centrality of edge e, ngr(e) is the number of shortest
paths between vertex S and T, which passes through edge e, and ng7 is the number of shortest paths
between vertex S and T. Additionally, O and N denote the total number of outlet(s) and (inlet) nodes,
respectively.

2.2. Design Cost Performance Indicator

2.2.1. Layout/Structure Design

Generation of sewer layout is about where to spatially allocate junctions/manholes and conduits
in the system, and additionally, to determine the flow direction in the sewers towards the outlet(s).
Given a base sewer layout consisting of all possible loops, the challenge here is to develop an
automated procedure, able to successively reduce the number of loops from a given-grid-like network,
and accordingly, to examine the usefulness and importance of having redundancy. This approach is
expected to allow sewer engineers to scrutinize the trade-off between potentially increased construction
costs, resulting from having loops, and potentially improved reliability and resilience behavior of the
system. Hence, this can assist stakeholders and engineers to make more informed decisions about the
final layout of the investigated urban drainage system when one tends to design looped structures.
Furthermore, the number of elementary loops were evaluated by Equation (2) as follows [29]:

T=e-v+1 @)

in which I is the number of loops, e is the number of edges and v is the number of vertices for
each network.

It is worth noting that due to the strong correlation found between street networks and urban water
infrastructures (around 85% of total sewer networks corresponds to 50% of the street networks) [25],
the base grid-like layout, can be also regarded as street networks of the region of interest as a base
looped sewer system.

As an initial step, although spatio-temporal analysis can be applied on the Digital Elevation
Model (DEM) of the area to determine flow direction towards the outlet, the directions are assumed
to be known in advance in this study. Additionally, though the outlet position should be placed in
the lowest elevation in the area next to a receiving water body, the location of the outlet and inlet
nodes were kept unchanged according to the case study properties. In the next step, the base (looped)
stormwater system is hydraulically designed according to the methodology explained in the section
“Hydraulic Dimensioning and Costs” considering local design guidelines. Afterwards, modified edge
betweenness centrality (EBC".), Equation (1), is applied to the network; edges with EBC”, values equal
to zero are then successively deleted. Though the edges of the graph can be removed based on any
other preferences and weights, it was decided here to investigate the effect of pipes elimination resting
in non-preferential flow pathways. According to Manning’s formula, volumetric flow rate [m?s] can be
expressed in terms of networks’ structural characteristics as given by Equation (3):

3
volumetric flow rate [m?] ~ Diameter3 x Slope%. 3)

In addition, length of the pipes is integrated to gain a better understanding of the network’s
hydraulic properties and to implicitly include the lengths-based pipe costs in the procedure. Hence,
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to determine preferential flow pathways through the pipes, in addition to the lengths, inverse values
of Equation (3) are used as edge weights, shown in Equation (4). Correspondingly, this edge weight
(Equation (4)) is considered and computed for all edges of the graph:

Length .

: (4)
Diameterg/ 3 x Slope 3/ 2

Edge weight, =

The proposed edge weight can be interpreted as that shorter connections with higher capacities
attract more flow. Table 1 and Figure 1 demonstrate this procedure through an example. The structural
properties of the example graph (Figure 1) are presented in Table 1 in terms of length, slope and diameter.
As aforementioned, edge weights are computed within the network, and then EBC*, (Equation (1))
is applied. To remove the additional pipe, as there are two paths from S3 (Source 3) to T (Target),
the EBC*, algorithm travels along the shortest paths (cheapest path) towards T. Since the path going
through edge number 2 and 3 is the cheapest (with the value of 7330 as the sum of edge weight), EBC",
chooses this path to get to T, ultimately leading to the elimination of edge number 4 (EBC", equal to 0).
In this study, this procedure is repeated for all extra paths through the base system, which culminates
in creating numerous configurations from a fully looped (base) structured network to a branched one.
In fact, applying EBC",, in this context, enables us to remove the additional pipes that are facing the
multiple flow pathways. For the purpose of pipe elimination, three scenarios are defined in this study:
(1) additional pipes are successively removed from upstream to downstream, (2) additional pipes
are successively removed from downstream to upstream and (3) additional pipes are successively
removed randomly.

Table 1. Structural characteristics of the graph shown as an example.

Properties Edge Number

2 3 4

Length [m] 20 20 30
Slope [%] 0.02 0.02 0.02
Diameter [m] 0.25 04 0.25

. Length;

Edge weight, | 1| = — A ST 5702 1628 7127
Sum of edge weights from S3 to T [#] 7330 8553

EBC: [-] 0.5 1 0

Preferential Flow Pathway

Figure 1. Removing additional pipe in looped structure by removing the edge, resting in non-preferential
flow pathway: looped structure (left); tree structure (right).
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2.2.2. Hydraulic Dimensioning and Costs

The storm sewer design applied in this study is described by Shao at al. [26]. It is based on dynamic
hydrological and hydraulic flow routing in EPA Stormwater Management Model (SWMM) [30] for
estimating maximum volumetric flow rates through all systems. Simultaneously, Manning’s equation is
applied to correspond pipe flow rates with pipe slopes and diameters, assuming a steady-state condition.
In order to achieve a proper stormwater collection design, there are a few constraints, which are
elaborated as follows: (1) the computed diameters should be chosen from the discrete commercial lists
and not less than a predefined minimum diameter, (2) minimum and maximum buried depth need to
be additionally taken into account. The former is to prevent damages from the traffic load. The latter
is assigned to avoid massive excavation volume, (3) minimum and maximum velocity through the
pipes, the reasons of which are for self-cleaning capacity and pipe erosion, respectively, and (4) the
ratio of flow depth to the diameter. The reason for fulfilling this constraint is to avoid any surcharge
and flooding through the network caused by the design storm event. The hydraulic design constraints
utilized in this paper are shown in Table 2. According to the sewer design methodology, as the first step,
pipe slopes less than minimum allowable slope are updated to the minimum one to fulfil the minimum
velocity requirements; additionally, all pipe diameters are set to the minimum diameter value. Next,
simulation is run in the SWMM. The pipes, which are not able to satisfy the ratio of flow depth to the
diameter constraint, are consecutively updated from downstream to upstream. This is conducted by
recalculating the diameter using SWMM in parallel with Manning’s equation while keeping the slopes
unchanged. This procedure is terminated once flow ratio to the depth of all pipes is equal or less than
the maximum allowable threshold.

Table 2. Hydraulic design constraints used in this study, modified from Austrian guideline [31].

Design Constraints Threshold Values

Minimum Diameter 0.25 (m)

0.25,0.3,0.35,0.38, 0.4, 0.45,0.5, 0.53, 0.6, 0.7,0.8, 0.9, 1,
1.05,1.20,1.35,1.40, 1.5 (m)

Discrete Set of Diameters From Commercial List [32]

Minimum Cover Depth 1.5 (m)
Maximum Cover Depth 8 (m)
Minimum Slope [32] 0.3%
Minimum Velocity 0.5 (m/s)
Maximum Velocity [32] 5 (m/s)
Ratio of Design Flow Height to the Diameter 0.9

The next step is to eliminate any potential pipe velocities, greater or smaller than the maximum and
minimum velocity, respectively. To do so, pipe diameters obtained in the last step are kept constant and
pipe slopes that are not satisfying the velocity threshold are consecutively updated from downstream to
upstream. Within this procedure, if the achieved velocity for the pipes is outside the acceptable range,
its corresponding slope is adjusted using Manning’s equation; accordingly, the adjacent pipe slopes
have to be updated. This iteration ends once all the pipes’ velocity is satisfied.

One of the performance assessment indicators used in this study is total design costs. For this
purpose, the cost function explained by Maurer et al. [33] is utilized, which takes into account the
average cover depth, diameter and lengths for each pipe section.

C=(011x107xD +127)x H+(12x 107> x D - 35) (5)

H=2xD+h (6)
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where C is the cost associated with a one meter pipe (US$/meter), D is diameter (meter) and His average
depth of a pipe (meter), in which h is standard coverage depth of the sewer pipes (assumed equal to
2 meters). Conversion factor of 0.91 (1 US$ = €0.91) is used, in addition, to convert dollars to euros.
Neglecting the operational costs of networks, the total construction costs for sewers and storage
units are then assessed. The decisive duration for design is usually depending on the system size.
In this work, a small case study is used (see Section 2.5). The storage units and its corresponding cost
are calculated based on a single block rain event with a return period of 5 years and a duration of 60 min,
and the pipe sizing procedure is calculated based on a block rain event with a return period of 2 years
and a duration of 15 minutes according to Austrian standards [31]. As a result, total construction cost
is computed as the sum of the construction costs of the conduits plus storage volume.

2.3. Urbanization

The hydrological response of an urban watershed to urbanization phenomena is of great
importance, in that it plays a crucial role in deriving the design return period resulting from
rainfall-runoff modeling [34,35]. In this study, the impact of urbanization is considered by incorporating
city growth rate as well as the planning horizon associated with the infrastructure’s lifespan [36],
which is based on the following equation:

RP* = RP.(1+ )% )

where RP* is the increased new return period (years), RP is original return period (years), g represents
growth rate of the area (percentage) and ¢ is the planning horizon (years).

2.4. Hydraulic Performance Indicator

The hydraulic performance indicator applied in this paper is expressed by flooding behavior [37].
Flooding performance is divided into the total (weighted) number of flooded nodes (Equation (8)),
and total (weighted) ponded flooded volume (Equation (9)), based on a Euler II rain event [32] and 6
different return periods. The original return periods considered are 5, 10, 20, 50, 100 and 200 (years).

200
NEN),
TNEN = Z % )
i=5

200
(FV);
TFV = Z — )
=5
where TNEN denotes the total (weighted) number of flooded nodes, NFN is number of flooded nodes,
TFV is the total (weighted) flooded volume, FV is flooded volume and i is the return period.

2.5. Case Study

In this study, the stormwater drainage network of Neu-Gotzens, an Alpine city in the proximity
of Innsbruck/Austria, is selected as a case study. Though the original network is a dendritic one,
all the possible conduits within the area were connected to resemble a grid-like network as the base
sewer system (Figure 2). The placement of conduits was based on topographical features of the region.
This network was chosen for one important reason. The Combined Sewer System (CSS) previously
existed in this area, draining both sewage and storm. However, it was recently decided to renovate the
system, converting it into separate drainage one. Therefore, it is of great importance to investigate
different drainage structures, which might be beneficial for decision-makers before constructing the
final version of the network. The network consists of one outfall and one storage unit to control peak
runoff discharges to the receiving water system at downstream, and to prevent urban runoff peak
colliding with the river peak. The network is comprised of 276 conduits and 237 junctions; the rest of
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its characteristics are shown in Table 3. As mentioned before, the Euler II rain event [32] is used for
the hydraulic evaluation of all networks with a duration of 120 minutes (5 minutes interval) and 6
original return periods 5, 10, 20, 50, 100 and 200. These return periods are further recalculated using
Equation (7), to account for urbanization impact with respect to the region’s growth rate equal to
1% and planning horizon equal to 25 years (see Section 2.3). Initial return periods, increased new
(urbanized) return periods with their corresponding rainfall volumes (under new recurrence intervals),
were shown in Table 4.

Austria

Neu-Gitzens

Legend

= Conduits

Junctions
= Storage Unit
4 Qutfall

Digital Surface Model (DSM)
Source: Land Tirol, 2019

wo High : 964.051 (m)

0 0.1 0.2 0.3 Km

Figure 2. Base (fully looped) stormwater pipe network and layout of the case study.

Table 3. Properties of the investigated case study.

Maximum Throttle

No. of No. of Total Area  Effective Impervious  Total Sewer Length Flow f St No. of
Conduits Junctions [ha] Area [ha] [Km] OWU;?II‘[[L /s(])rage Population
276 237 2194 11.82 7 250 600
Table 4. Rainfall characteristics used for the hydraulic evaluation of networks.
Euler IT Rainfall Characteristics
Initial return periods (years) 5 10 20 50 100 200
Urbanized return periods (years) 8.06 16.12 32.24 80.61 161.22 322.44
Precipitation volume (mm) 45.97 53.97 62.05 72.75 80.83 88.91

3. Results and Discussion

3.1. Hydraulic Performance Assessment

Based on the description given in the “Layout/Structure Design” section, applying Equation (1) to
the fully looped base system of the case study (Figure 2), possessing 40 independent loops, leads to 41
individual network configurations. These networks varied from network number 40 (having 40 loops)
to network number 0 (having zero loops/branched). Next, all 41 networks were hydraulically designed
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based on explained methodology and constraints in “Hydraulic Dimensioning and Costs.” The optimal
design cost as well as total stormwater system capacity (the maximum capacity at which the system
can accommodate volumetric flows) for all networks were computed. Afterwards, considering the
Euler II storm event with the increased return periods introduced in Table 4, the hydraulic performance
of all created structures was evaluated in terms of flood reliability, that is, surface flooded volume and
flooded nodes (Equations (8) and (9)).

The above procedure is repeated for all three scenarios explained earlier: removing additional
pipes from upstream, downstream and randomly. The results of hydraulic performance, as well as its
relationship with system capacity, are presented in Figure 3 and all Tables in Appendix A. As seen
in Figure 3, eliminating the additional pipes in all scenarios led to the overall decrease in the total
weighted number of flooded nodes through the systems, although some fluctuations were observed
in between. This is due to the fact that once the system capacity is fully utilized in a looped system,
compared to a branched structure, multiple flow paths cause more nodes to flood. This means that
removing extra paths under hydraulically designing the networks indeed improves the reliability and
hydraulic behavior of the systems in terms of observed flooded nodes. The flooded volume indicator,
however, manifested totally different behavior within the networks. For instance, Figure 3a,b show
that removing the first 15 additional pipes from upstream (network 40 to 26), after hydraulic design is
applied to all networks, did not remarkably influence the flooded volume generation. This implies that
the 15 additional pipes, formed loops in upstream, are not placed at critical locations and, therefore,
can be removed without considerably altering the achieved capacity as well as hydraulic performance.
As seen in Figure 3a, there are two sharp decreases and increases in total weighted flooded volume for
the networks 23 and 9, respectively. The reason is the sudden change in the total achieved capacity from
655 m> (network 24) to 685 m? (network 23) for the former, and from 642 m® (network 10) to 610 m>
(network 9) for the latter. According to Figure 3a,b, network number 23 (with 23 loops in downstream)
revealed the best hydraulic performance compared to other networks in terms of mitigating surface
flooded volume (618 m?). In fact, viewed as a critical structural element, removing the 24th additional
pipe altered the flow direction/distribution in a way that extreme rainfall amounts were discharged out
in the most effective and quickest manner.

As far as looped structure is concerned, there are two crucial factors dominating the efficiency of
peak rainfall delivery to the outlet, that is (additional) storage capacity and alternative water flow paths.
The contribution of each of these factors can be favorable or unfavorable to each other. For example,
although the capacities of networks 38, 37, 30 (with the largest capacity), 29 and 22 were equal or greater
than the network 23 (see Figure 3b and Table Al in Appendix A), this last one (network 23) was able to
discharge the peak runoff better, and correspondingly, generated a lesser amount of flooded volume
under same rainfall scenario. The reason is due to the location of the network 23’s pipes, through which
the increased amount of precipitation is guided towards the outlet in the most efficient and quickest way.
This implies that the contribution of flow routing (direction) to the peak runoff discharge in the network
23 outweighs the other networks’ capacities with greater values. This indeed conveys a pivotal message
that introducing extra capacity single-handedly without determining proper additional pipes positions
in the system might even aggravate the hydraulic performance. From Figure 3a, it can be seen that
further removal of pipes only up to the 10th loop in downstream could maintain the flood generation
below 630 m®. This means that the 10th additional pipe in downstream can be also considered as a
critical element since further pipe eliminations tremendously increased the surface flooded amounts
(Figure 3a). As a result, all networks from 23 to 10 can be regarded as optimal in terms of hydraulic
response compared to the rest of the networks. These results also emphasize the significance of having
at least 10 additional pipes in downstream up to 23 to achieve a better reliability for unforeseen rainfall
events. In contrast, network number 0 with no loops appears as the worst-performing network with
approximately 684 m? total weighted flood volume, having the second smallest capacity (559 m?®) (see
Figure 3a,b). In other words, when a great deal of rainfall enters this dendritic network, the capacity of
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the stormwater system is rapidly exceeded. This, consequently, leads to a prolonged discharge of the
increased water from the outlet since there is only one way out.
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Figure 3. Hydraulic performance of all networks (left sides) and the relationship between total weighted
flooded volume and total system capacity for all networks (right sides). (a) and (b) are the cases where
extra pipes are removed from upstream, (c) and (d) are the cases where extra pipes are removed from
downstream, (e) and (f) are the cases where the extra pipes are removed randomly.

Eliminating extra pipes from downstream yielded larger flood volumes compared to the first
scenario whose minimum value was equal to 643 m? (Figure 3c,d). This finding again highlights how
imperative the role of having redundancy is in downstream sections when sewer engineers intend to
design looped stormwater configurations for the purpose of reliability improvement. Furthermore,
the removal of additional pipes from downstream and the design of networks after the first 10 loops
abruptly reduced the achieved total capacity and consequently generated quite a few surface flood
volumes (Figure 3d). Similarly, this indicates the importance of the first 10 alternative water flow paths
in downstream, whose presence led to bigger obtained capacity, and more importantly, contributed to
a better distribution of maximum flow. This implication reveals that the first 10 loops in downstream
(network number 40 to 31), appear to be more responsible for discharging the excessive rainfall amounts
in an efficient way as opposed to the rest of the networks, in which the flooded volume showed a
fluctuating pattern with very large flood volumes (Figure 3c). According to Figure 3c,d, proceeding
from network 30 to the branched one yielded flood volume values almost greater than 680 m? for these
networks. This value is even greater than the flood volume achieved for all networks based on the
first scenario, except for the network 0 (see Figure 3b). This implication can be utilized as a proxy
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to infer the less influential extra pipes, since all 30 loops upstream did not remarkably influence the
total capacity as well as hydraulic performance. As seen in Figure 3d, moving within these networks
(30 to 0), led to a slight reduction in the total capacity through the networks, whereas the flooded
volume production showed a reducing trend. This means that more looped structures with bigger
capacities within these networks performed even worse than more branched ones, as the alternative
water pathways (updated flow direction) in those looped systems aggravated the discharge of runoff
from the outlet and lingered the travel time of the catchment.

When it comes to randomly removing extra pipes from the base system (network 40), the overall
variability of the observed flooded volume within all networks was higher than for the other two
scenarios (see Figure 3a,c,e). Flooded volume demonstrated an overall increasing behavior once
additional pipes were in succession removed randomly (under hydraulic design at the same time).
Figure 3f shows that, notwithstanding the steady decrease in capacity when extra pipes were removed
from network 37 to 31, the corresponding flood volume was not altered much. Furthermore, despite
the fact that the most complex looped structures (networks 40 to 31) provided higher total storage
capacity, the flooding behavior of the networks such as 28 and 26 was better than those looped ones
(see Figure 3f and Table A3 in Appendix A). As aforementioned, the reason is related to the better
configuration of the pipes in systems 28 and 26, through which the increased rainfall amount was
able to be dismissed in a quicker amount of time out of the system. Interestingly enough, network
number 26 with 26 loops (Figure 3e,f) is deemed as the most effective solution, since it reported the
least amount of flood volume (600 m?) among all networks for all scenarios. This finding can be even
more highlighted by comparing its total system capacity (605 m®) with the one of network 39 (with the
largest capacity equal to 682 m? and flood volume equal to 644 m3). This suggests that determining
proper additional pipe locations in the system (flow distribution) is of great importance.

As mentioned before, the general implication with respect to the flooded volume generation
indicates that the more branched the network is, the greater the flood volume is produced. This overall
finding is in agreement with the relevant studies conducted in the literature [23,24]. However, the
variation and fluctuation of the surface flood behavior within all the networks (Figure 3) is attributed
to the interplay between total storage volume and flow distribution resulting from the (additional)
pipe arrangements. Although this interaction has been indicated in [24] for eight subnetworks of the
city of Dresden, systematically analyzing the contribution of system capacity as well as alternative
flow path in a single specific network (under hydraulic design) was missing. Thus, the outcome of this
section provided a more vivid insight towards the role of achieved capacity and flow direction in one
single network, which ultimately extends the previous relevant researches.

3.2. Hydraulic and Design Costs Performance Assessment

Figure 4 compares total construction costs with total weighted flooded volume for all 41 networks
and for the three scenarios mentioned before: Figure 4a for the removal of additional pipes from
upstream, Figure 4b for the removal of additional pipes from downstream and Figure 4c for the
removal of additional pipes randomly. According to Figure 4a, removing extra pipes from upstream
and designing the networks simultaneously led to the gradual decrease in overall construction costs
from €2,161,330 for network 40 (base) to €1,869,698 for network 0. This means that removing all
additional pipes from the base sewer system reduced the total construction costs by approximately 16%.
Nonetheless, as mentioned before, the flood volume production was remarkably dropped after
removing the first 17 extra pipes from upstream. Though a comprehensive trade-off analysis is still
required when it comes to the selection of optimal network configuration, Figure 4, which integrates
construction costs and hydraulic response, is expected to assist engineers to make a more informed
decision about the final layout/structure of the stormwater network. As shown in Figure 4a, having
at least 10 loops in downstream up to 23 loops (networks 23 to 10) can provide the most efficient
network configuration in terms of dispersing high runoff amounts (generating flooded volumes
with minimum 618 m? to maximum 626 m3) and total construction costs between €2,040,203 and
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€1,938,491 (shown in black box in Figure 4a). With respect to both flood behavior as well as total costs,
these configurations can be determined as the most reliable solutions once one is willing to design a
loop-branch-combined stormwater system to more desirably cope with functional failures. According
to Figure 4b, when additional pipes were removed from downstream, despite an overall reduction in
cost pattern, some networks showed increasing design costs compared to their superior networks,
such as networks number 30, 26 and 15 (see also Table A2 in Appendix A). The reason is related to the
interaction of achieved cover depth, diameter and length costs, resulting from the hydraulic design
procedure. The hydraulic design itself also depends on the (additional) pipes location in the system
for flow routing purposes, which is different from one network to another. As a result, this is one
of the most important reasons that lead to have different design costs from one system to another.
As shown in Figure 4b, except for the first 10 looped structures, with the best hydraulic performance
(but also the most expensive ones), the rest delivers a high amount of surface flood volumes. Thus,
no clear compromise solution could be identified due to the big values recorded for both costs and
flood indicators. Similarly, in terms of arbitrarily removing extra pipes (Scenario 3), the more expensive
the network, the better the hydraulic performance (Figure 4c). Nevertheless, as aforementioned,
the network number 26 with 26 additional alternative flow pathways, having a total cost equal to
€2,070,702, might be even chosen as a good compromise candidate between costs and flood reliability
compared with all other networks and regarding all scenarios thanks to more efficiently discharging
the increased rainfall amounts out of the system.
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Figure 4. Comparison between total costs (€) and total weighted flooded volume (m?) for (a) removing
additional pipes from upstream, (b) removing additional pipes from downstream and (c) removing
additional pipes randomly.
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4. Summary and Conclusions

In this study, redundancy in stormwater pipe networks were systematically evaluated in terms of
two assessment indicators, namely total construction costs and flood reliability (flooded volume and
flooded nodes). For this purpose, a novel methodology based on topological network characteristics
was introduced to systematically and consecutively eliminate the number of loops from a base
grid-like network, and to assess the importance of redundancy in stormwater systems under
hydraulic design. This graph-based approach enables us to quickly create numerous configuration
candidates with different structural characteristics to infer the optimal layout (in terms of number of
desirable loops) so as to more efficiently tackle the intensifying extreme rain events. This method
was applied to an Alpine city in the vicinity of Innsbruck, using all feasible pipes as a base storm
sewer system. Within this procedure, 41 networks varying from network 40 with 40 loops to
network 0 with zero loops (branched) were generated. For this purpose, three scenarios were defined:
(1) removing extra pipes from upstream, (2) removing extra pipes from downstream and (3) removing
extra pipes randomly. The design costs of all networks were then calculated, and correspondingly;,
the flooded volume and flooded nodes of all networks under extreme rain events were attained and
systematically analyzed.

Depending on how and where extra pipes are eliminated, the flow distribution will be different from
one network to another, which subsequently alters the corresponding designs and achieved capacity.
Regarding looped structures, storm sewer capacity and alternative water flow paths can be deemed as
two central pillars for discharging excess rainfall amounts. Nonetheless, owning redundancy (loops)
where the position of additional pipes (resulted flow direction) is inappropriate, not only does not
contribute to a faster discharging of runoff out of the system but can linger the whole process. The general
implication indicated that removing extra pipes based on all scenarios and simultaneously designing
the networks escalate the produced flooded volumes as proceeding towards more branched networks.
This can be explained due to the fact that looped configurations, once subject to an extreme precipitation,
can discharge the increased water in a more effective manner, as opposed to the branched ones in which
one unique flow pathway exists. Identification of sensitive locations to construct loops, however, is of
great importance, which might either improve the hydraulic performance or exacerbate it. Moreover,
the role of downstream pipes for more efficiently discharging maximum flows out of the system is
more prominent than that of upstream pipes. Overall, installing a branch-loop-integrated stormwater
configuration based on an economical budget is beneficial if (additional) pipes placement (flow
distribution) is properly determined at critical locations.

Further research is needed on the detection of the exact location of critical additional pipes in
the system and the network characteristics of these locations, the removal of which alters the flow
behavior in the network. In addition, this research can be extended to investigate the effect of loop
reduction on the system resilience and reliability using different weights for the graphs analyzed and
preferences. Moreover, incorporating green retrofits into the conventional grey infrastructures with
different structural characteristics (different number of loops) should be pursued in future studies for a
holistic and integrated urban water management. This approach can lead to the implementation of a
hybrid solution where the optimal number and location of the loops and green solutions are determined.
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Appendix A

Table A1. Total construction costs (€), total system capacity (md), total weighted flooded volume (m3) and total weighted number of flooded nodes for all 41 networks
in which extra pipes are removed from upstream (scenario 1).

Networks Total Costs (€) g:;e;ldst);’s(t;r;\) Floodzdn;;olume Fll\?:;:sd Networks Total Costs (€) (":l“:}t;ldst);’s(t;rg) Voliiizgifrﬁ) Fll\?:(;i:sd
40 (base) 2,161,330 680 645 414 19 1,984,308 653 623 38.3
39 2,155,603 679 645 414 18 1,970,456 647 624 38.4
38 2,153,795 686 644 41.3 17 1,964,329 646 626 37.9
37 2,147,579 685 643 41.2 16 1,963,083 645 625 37.6
36 2,139,390 683 644 414 15 1,950,568 643 625 37.2
35 2,133,817 682 644 41.7 14 1,946,925 642 625 37.7
34 2,130,374 681 644 41.5 13 1,947,084 643 625 37.0
33 2,115,637 671 650 40.7 12 1,942,697 641 625 36.9
32 2,113,453 671 649 40.6 11 1,942,997 645 624 36.4
31 2,104,637 676 645 40.8 10 1,938,491 642 624 36.8
30 2,103,883 689 644 41.0 9 1,940,864 610 655 35.5
29 2,086,489 685 645 40.9 8 1,932,195 608 655 35.4
28 2,073,721 679 646 41.0 7 1,919,880 605 654 35.6
27 2,067,563 680 647 40.2 6 1,913,960 604 654 35.3
26 2,063,138 679 647 40.2 5 1,898,866 580 660 35.7
25 2,044,826 657 655 37.8 4 1,896,678 578 660 36.0
24 2,035,973 655 655 38.1 3 1,878,386 560 659 36.8
23 2,040,203 685 618 37.5 2 1,876,470 559 664 37.1
22 2,032,046 688 619 37.0 1 1,871,648 558 668 37.3
21 2,001,924 657 624 38.3 0 1,869,698 559 684 37.4

20 1,988,070 654 624 38.7
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Table A2. Total construction costs (€), total system capacity (m3), total weighted flooded volume (m3) and total weighted number of flooded nodes for all 41 networks
in which extra pipes are removed from downstream (scenario 2).

Networks Total Costs (€) g Z;E::Cist};,s(t;?) Floodi;dn;;blume Fll\? ;);eesd Networks Total Costs (€) gg;ilcist};(t;?) Vollslll(:r(ig(::ﬁ) Fll\? :;:sd
40 (base) 2,161,330 680 645 414 19 2,030,928 594 697 413
39 2,159,587 682 643 41.1 18 2,014,936 592 696 414
38 2,154,764 681 647 41.0 17 2,004,697 589 696 414
37 2,152,848 680 652 415 16 1,996,492 586 685 40.8
36 2,135,994 666 654 427 15 1,988,899 587 683 40.8
35 2,130,969 657 660 427 14 1,980,184 584 684 39.8
34 2,121,862 649 660 42.8 13 1,973,479 578 686 40.5
33 2,115,790 647 660 43.2 12 1,966,705 577 686 40.5
32 2,103,474 644 660 42.5 11 1,955,941 576 686 40.5
31 2,093,036 636 663 42.6 10 1,939,136 573 685 41.0
30 2,095,986 606 697 422 9 1,931,201 571 685 40.8
29 2,091,710 605 696 42.0 8 1,917,250 561 689 40.1
28 2,091,278 606 688 42.1 7 1,916,134 565 685 389
27 2,086,162 602 689 42.5 6 1,905,165 567 682 38.4
26 2,086,278 605 686 42.5 5 1,901,968 567 681 38.1
25 2,081,858 603 685 424 4 1,896,395 566 681 38.4
24 2,068,662 600 685 42.3 3 1,887,506 563 684 382
23 2,067,676 603 683 422 2 1,881,011 561 685 38.3
22 2,059,741 595 687 41.8 1 1,877,138 564 683 38.0
21 2,046,580 591 693 421 0 1,869,698 559 684 37.4

20 2,042,804 588 696 415
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Table A3. Total construction costs (€), total system capacity (m3), total weighted flooded volume (m3) and total weighted number of flooded nodes for all 41 networks
in which extra pipes are removed randomly (scenario 3).

Networks Total Costs (€) g Z;E::Cist};,s(t;?) Floodi;dn;;blume Fll\? ;);eesd Networks Total Costs (€) gg;ilcist};(t;?) Vollslll(:r(ig(::ﬁ) Fll\? :;:sd
40 (base) 2,161,330 680 645 414 19 2,023,225 594 659 39.3
39 2,149,865 682 644 421 18 2,010,975 592 660 39.0
38 2,149,004 681 644 421 17 2,003,661 589 657 39.4
37 2,153,055 680 615 414 16 1,997,935 586 657 39.3
36 2,152,498 666 612 41.0 15 1,983,732 587 660 39.0
35 2,143,796 657 619 39.6 14 1,978,909 584 664 39.0
34 2,129,086 649 613 414 13 1,972,227 578 680 39.8
33 2,126,811 647 612 40.8 12 1,960,383 577 680 39.4
32 2,114,063 644 613 40.6 11 1,950,277 576 680 38.7
31 2,107,760 636 613 40.1 10 1,945,455 573 656 38.7
30 2,102,239 606 617 39.7 9 1,936,903 571 657 38.3
29 2,095,733 605 612 40.7 8 1,931,461 561 657 37.9
28 2,087,909 606 608 417 7 1,911,252 565 661 37.8
27 2,068,655 602 621 425 6 1,898,737 567 661 37.3
26 2,070,702 605 600 420 5 1,896,821 567 666 37.6
25 2,060,105 603 624 40.5 4 1,890,901 566 667 37.4
24 2,055,568 600 624 40.6 3 1,888,952 563 684 37.4
23 2,054,192 603 663 39.7 2 1,880,283 561 683 37.6
22 2,045,340 595 665 39.3 1 1,874,358 564 684 37.8
21 2,037,088 591 629 39.5 0 1,869,698 559 684 37.4

20 2,027,299 588 668 39.2
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