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ABSTRACT

Urban drainage systems are composed of subsystems. The ratio of the storage and discharge capacities of the subsystems determines the
performance. The performance of the urban water system may deteriorate as a result of the change in the ratio of storage to discharge
capacity due to aging, urbanisation and climate change. We developed the graph-based weakest link method (GBWLM) to analyse urban drai-
nage systems. Flow path analysis from graph theory is applied instead of hydrodynamic model simulations to reduce the computational
effort. This makes it practically feasible to analyse urban drainage systems with multi-decade rainfall series. We used the GBWLM to analyse
the effect of urban water system aging and/or climate scenarios on flood extent and frequency. The case study shows that the results of the
hydrodynamic models and the GBWLM are similar. The rainfall intensities of storm events are expected to increase by approximately 20% in
the Netherlands due to climate change. For the case study, such an increase in load has little impact on the flood frequency and extent
caused by gully pots and surface water. However, it could lead to a 50% increase in the storm sewer flood frequency and an increase in
the extent of flooding.

Key words: backwater effects, criticality, flow paths analysis, graph theory, linearised hydrodynamics, system performance

HIGHLIGHTS

® An analysis of urban water systems with multiyear rainfall series.

® A combined analysis of subsystems of urban water subsystems.

® A sensitivity analysis of urban water systems in consequence of aging or climate change.

® Comparing flood frequency and flood extent caused by capacity reduction of urban water subsystems.
® Flow path analysis from graph theory instead of hydrodynamic model simulations.

1. INTRODUCTION

Urban drainage systems, which prevent pluvial flooding, expand as cities grow. From this, it follows that urban redevelopment
projects result in adjustments of these systems. These are long-term processes and urban drainage systems have often ‘grown
organically’ to their current state. During the construction period, substantial change was observed in laws, regulations, the
related design standards and design criteria, available techniques, personnel and material costs and external conditions such
as climate and water use (Preston & van de Walle 1978; Geels 2006). As a result, urban drainage systems and their subsystems
have their own specific characteristics in terms of storage and discharge capacity. These characteristics reflect the dominant
dynamics at their specific temporal (minutes, hours and days) and spatial scales (building, street, neighbourhood and city)
(Langeveld & Schilperoort 2019).

The performance of the urban water system depends on the functioning of its subsystems, such as gully pots, storm sewers
and surface water. The combination of storage and discharge capacity determines the drainage capacity of a subsystem. The
interactions between the subsystems affect the capacity of the system (Sommer et al. 2009; Langeveld & Schilperoort 2019;

This is an Open Access article distributed under the terms of the Creative Commons Attribution Licence (CC BY 4.0), which permits copying, adaptation and
redistribution, provided the original work is properly cited (http://creativecommons.org/licenses/by/4.0/).

Downloaded from http://iwaponline.com/wst/article-pdf/87/5/1273/1184616/wst087051273.pdf
bv TECHNISCHE UUNIVERSITEIT DEI FT user


https://orcid.org/0000-0002-1747-0581
mailto:didrik.meijer@deltares.nl
http://orcid.org/
http://orcid.org/0000-0002-1747-0581
http://creativecommons.org/licenses/by/4.0/
https://crossmark.crossref.org/dialog/?doi=10.2166/wst.2023.057&domain=pdf&date_stamp=2023-02-27

Water Science & Technology Vol 87 No 5, 1274

Ferguson & Fenner 2020). Backwater effects may change the internal boundary conditions between subsystems, resulting in a
reduction of the hydraulic capacity of the subsystems. A delayed discharge from a storm water system may result in increased
water levels in the surface water system at an undesirable time. The study by Reyes-Silva et al. (2020) shows that subsystem
interactions and network performance are under pressure in a consequence of:

* Increasing load as a result of urbanisation, population growth and densification.
* Deterioration as a result of aging (and lack of maintenance) resulting in a decrease in capacity.
* Terrorist attacks.

Each network connection contributes differently to the network’s performance in terms of preventing flooding by draining
water. Some connections only influence the performance of the network in their immediate vicinity, whereas other elements
influence the performance of (almost) the entire network. Knowledge of an element’s contribution to network performance
can be applied when (re)designing urban drainage systems or when making decisions on asset management (van Riel 2016).
However, integrated urban drainage systems are rarely analysed in practical cases. The main reasons for this are summarised
as follows:

* In many countries, individual parts of the systems are managed by different organisations (e.g. in the Netherlands, surface
water by water boards, drainage systems by municipalities and large rivers by the national government).

* Tools applied for subsystems are not always mutually aligned (Tscheikner-Gratl et al. 2019).

* Current methods for integrated analysis are complex, time-consuming and demand simplifications. The current complex
software tools for 1D-2D simulations require a large processing capacity. Because input data are lacking the results are
not always reliable (Tscheikner-Gratl et al. 2019).

From this, it follows that in practical cases, integrated analyses are rarely used due to the time-consuming calculation and
the expertise needed to evaluate the model results. In order to reduce the calculational effort design storms can be applied
instead of precipitation series. Alternatively, the network can be simplified by excluding manholes and/or pipes. However,
simplification of the network may reduce the usability of the flood simulation results (Fischer et al. 2009; Yang et al.
2018) as it often implies a reduction in spatial resolution. The outcomes are not always sufficiently accurate to determine
whether the (sub)systems match in terms of storage and discharge capacity. Replacing rainfall series with (a series of)
design storm(s) prevents an accurate statistical analysis of the behaviour of the subsystems (Vaes ef al. 2009).

Ferguson & Fenner (2020) and Qiang ef al. (2021) showed that backwater effects in storm sewers affect the extent and dur-
ation of flooding in the urban areas. This means that the integration of storm water and surface water models is necessary in
the analysis of urban drainage models. A main conclusion from the work of Tscheikner-Gratl ef al. (2019) is that the applied
spatial and temporal resolution in models are a limiting factor for model integration. Despite the importance of coupled sys-
tems analysis and the challenges it poses, little attention has been paid to this topic in the literature.

In the review of the adaptation of drainage networks to climate change of Kourtis & Tsihrintzis (2021), the subject is not
mentioned. The literature review on neurocomputing by Zounemat-Kermani et al. (2020) lists examples of modelling of sur-
face water and storm sewers but places little focus on integrated systems. There are many papers about 1D-2D modelling
(storm sewer and overland flow) but even these pay little attention to the dependencies between storm sewers and surface
water. The observation of Bach ef al. (2014) that ‘despite greater inter-sector communication, practice remains fragmented’
seems still valid.

We developed the graph-based weakest link method (GBWLM) for analysing impacts on the performance of urban drai-
nage systems as a result of changes in load or system degradation, which is presented in this paper. The GBWLM
combines the structure of the network with flow path analyses which replace the hydrodynamic equations. The GRBWLM
and the Achilles approach are used to quantify the flood extent and frequency for a case study and the results are compared
and presented. The extent and frequency of urban flooding as determined by hydrodynamic models and the GBWLM are
similar for the case study. The results show that the performance of the urban water system decreases as the subsystem’s per-
formance decreases. For rainwater sewers, this is already visible from a capacity reduction of 10-20% and for surface water
only from a capacity reduction of 70-80%. Based on the case study, it was concluded that the GBWLM can be applied to
systems where performance is determined by discharge capacity or storage capacity.
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2. METHODS
2.1. The Achilles approach

The performance of the urban water system decreases as a consequence of increasing loads and deterioration. The degree of
performance degradation depends on which elements deteriorate or are subjected to changes in loads. Some (groups of)
elements are more critical to system performance than others. The performance of the whole system is affected if the perform-
ance critical elements decline. A generally applicable method to determine the criticality of elements in networks is shown in
Figure 1. This method has been adapted from the Achilles approach (Mdéderl ef al. 2009; Mair ef al. 2012) and the percolation
theory (Stockmayer 1944; Broadbent & Hammersley 1957; Stauffer & Aharony 1991; Sahimi 1994). This method aims to
quantify the effect of a reduced capacity of an element to the system’s performance level as a whole (Mdderl ef al. 2009,
Mair et al. 2012). The Achilles approach can be used to determine vulnerable sites of (water) infrastructure. The outcomes
of a hydrodynamic model are used for the determination of vulnerabilities.

The Achilles approach can be used to evaluate the contribution of subsystems or groups of elements to the functioning of
the entire system, for example, an urban water system consisting of gully pots, storm sewers and surface water. For the identi-
fication of vulnerabilities, the outcomes of a hydrodynamic model are used (hydrodynamic model method, HMM). First, a
simulation is done with the original model in which all conduits function well. After this, the diameters of the conduits
are one by one reduced to zero to simulate a blockage. For every blocked conduit, a simulation is carried out, so the
number of simulations to be made is equal to the number of conduits plus one. The results are compared based on the
increase in calculated ponded volumes. The reduced conduit diameter causing the largest increase in ponded volume is ident-
ified as the most critical pipe.

2.2. Graph-based weakest link method

The performance of an urban water system depends on the load and the system’s response characteristics. The latter may be
affected by the interactions between the various subsystems and may change over time or even during an event. The impact of
changes in load or capacity depends on the storage and discharge capacities of the subsystems, which differ. The GBWLM
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Figure 1 | General overview of the Achilles approach applied to urban drainage systems.
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has been developed to analyse, applying multi annual precipitation series, integrated urban water networks at three levels of
subsystems: gully pots, storm sewers and surface water systems. The metrics applied to evaluate the system’s performance are
the flood frequency and flooded area. The general outline of the GBWLM is shown in Figure 2. The various components are
described in some detail in the following sections.

The urban drainage system is tested with a rainfall series (see Section 2.3. precipitation load on the subsystems). The dis-
charge of water via the gully pots, storm sewer and surface water is analysed with a flow path analysis in combination with a
water balance (see section Analysis of network performance with flow path analysis). The flow path analysis replaces the
hydrodynamic model normally used. To apply flow path analyses, the networks are schematised as digraphs consisting of
multiple layers (see Section 2.5. Graph schematisation of storm water and surface water networks). For each edge of the
digraph, a cost and capacity are determined based on linearised hydrodynamics (see. Section 2.7. Costs and capacity of
the edges). Finally, the capacity of the subsystems is reduced incrementally and its effects are analysed (see Section 2.8.
Capacity reduction and effect).

2.3. Precipitation load on the subsystems

The test load applied is a multiyear precipitation series that is subdivided into mutually independent events (see, the precipi-
tation blocks at the top of the three columns in Figure 2). A model for rainfall-runoff is omitted for the sake of simplicity. As a
result, inflow is equal to precipitation volume at all times. Events are considered to be mutually independent when the initial
conditions of the system are identical for each event (i.e. the time for emptying the system after a storm event has to be con-
sidered as this determines the initial filling of the system for the next event. These events are considered independent only
when the time-gap between the time windows in which precipitations occur is larger than the time needed to empty the
system). The characteristic system response times are determined and used to divide the series into separate, independent
events.

precipitation series

gully pots storm sewer surface
water
T maximum intensity per , e
precipitation events ) yP daily precipitation
event
. reduce capacity of reduce capacity of
reduce capacity pacity pacity
v vot (groups of) elements of (groups of) elements of
T S
grrp storm sewer system surface water system
calculate effect calculate effect calculate effect
] [

[ |

compare effect
capacity reduction

Figure 2 | The GBWLM process for urban drainage systems focused on gully pots, storm sewers and surface water systems.
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The critical precipitation load of the subsystems depends on their primary function (storage or discharge). The leading prin-
ciples (in flat areas) are the following:

* Gully pots: exceeding discharge capacity (rainfall intensity).
» Storm sewers: exceeding discharge capacity (rainfall intensity).
 Surface water systems: exceeding storage capacity (rainfall volume).

The inflow and outflow of subsystems are interdependent. The maximum drainage capacity of gully pots affects the maxi-
mum inflow of the storm sewers. In addition, the cumulative outflow of the storm sewer results in a cumulative inflow of the
surface water system (for more details, see Supplementary material).

2.4. Analysis of network performance with flow path analysis

The GBWLM is based on the Achilles approach. The hydrodynamic models have been replaced by water balances and flow
path analysis. The GBWLM shares the flow path analyses with the graph theory method (GTM) for pressurised systems
(Meijer et al. 2020) and gravity-driven systems (Meijer et al. 2018). The outcome of the GBWLM is the flooded area, flood
frequency and the outcome of the GTM is the criticality of the network elements.

The functioning of urban drainage systems is affected by the available discharge and storage capacity. The discharge
capacity is used to evaluate the performance of the gully pots and storm sewers. The surface water system performance is
evaluated based on the combination of discharge and storage capacity.

The gully pots are represented as a reservoir with an outflow. The storm sewers and surface water system networks are
described as digraphs. The performance of the networks is analysed using a flow path analysis. All connections in the network
must be given a capacity and a cost, to perform a flow path analysis. Capacity is the amount of water that can be drained
through a connection. The cost is the amount of energy (head loss) required to drain the water (see, Meijer et al. 2018).
An analysis is performed to determine how the inflowing water can be discharged to the outfall points at the lowest possible
cost. The manholes in a storm sewer are the inflow points (sources) and the storm sewer outfalls (SSOs) are the outflow points
(targets). The SSOs are the sources in the surface water system and the final pumping station is the target.

The minimum cost flow algorithm (min_cost flow) of the Networkx module in Python (Hagberg ef al. 2008; NetworkX
Developers n.d.) is applied for the flow path analysis and the evaluation of the consequences of a capacity reduction in net-
works. The algorithm can be applied to a digraph in which the edges have both a cost and a capacity. The nodes send or
receive some amount of flow. The algorithm calculates the minimum costs for a flow that satisfies the demands of all
nodes. That means that for each node, the net inflow or outflow is equal to the demand of that node.

The inflow and outflow of the subsystems are dynamic. The inflow of the gully pots corresponds to the applied rainfall
series multiplied with the runoff area. The sewer systems are analysed using the maximum gully pot outflow per event, the
drainage capacity of the surface water system is analysed based on the daily outflow (based on the complete precipitation
series) of the sewer system and the discharge of the ground water system and the storage in the surface water system
using a water balance with a time step of 1 day.

The GBWLM is applied to analyse the consequences of a reduced discharge and storage capacity in the subsystems. The
consequences of a reduced discharge capacity have been analysed with both the Achilles approach and the GBWLM. We
have analysed whether the rising of the surface level has a backwater effect on the functioning of the storm sewer system.
We also analysed whether it leads to flooding from the storm sewer system (see Figure 3).

2.5. Graph schematisation of storm water and surface water networks

The design of the subsystems in the GBWLM is tuned to the characteristics of the systems and the leading principle. A gully
pot is represented as a reservoir with an outflow. The storm sewers and surface water systems are described as digraphs
(Layer-1 in Figures 4 and 5). The nodes represent manholes and the edges represent conduits in storm sewer digraphs. In
surface water digraphs, the nodes correspond to the watercourses between two structures and the edges of the structures
(weirs, orifices and pumps).

2.5.1. Surface water system

A copy of Digraph-1 is created (Digraph-2) for the surface water system. The two digraphs, when combined, form an object
referred to as a layered graph (Layer-1 = Digraph-1, Layer-2 = Digraph-2; Figure 4). Layer-2 is used as a bypass to drain the
water if the capacity of Layer-1 is insufficient. The bypass is used to ensure that the algorithm used (minimum cost flow
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Figure 3 | General overview of the hydrodynamic model-based weakest link method applied to urban drainage systems.
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Figure 4 | Overview of the edge types in the surface water component of the GBWLM. Layer-1 represents the structure of the network in
which the nodes represent manholes watercourses. Edges correspond to the structures. Layer-2 is used when the capacity of Layer-1 is
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exceeded and indicates rising water levels in the surface water system.
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Figure 5 | Overview of the edge types in the storm sewer component of the GBWLM. Layer-1 represents the structure of the networks in
which the nodes represent manholes. Edges correspond to the pipes and structures. Layer-2 is used when the capacity of Layer-1 is
exceeded and indicates flooding. Layer-3 is a bypass in case the capacity of the links between Layer-1 and Layer-2 is exceeded.

algorithm) always finds a solution. The layers are connected to the nodes (structures). Each node of Layer-1 is connected with
its copy in Layer-2. The direction of the connection between the layers at the outflow location(s) is from Layers 2 to 1. The
direction between the layers at the other nodes (structures) is from Layers 1 to 2.

For the surface water system, a water balance is used at each node to store the water that cannot be drained via the
structures. The available storage is determined for the watercourses between two structures with the following equation:

At - Qin + St—l > At- Qstructure - Qout = Qstructure,
St = St—l + At Qin — At- Qout
St
At - Qin +81 <At Qstructure - Qout = an + iitl
St :Stfl +At'Qin_At'Qout:O

where Qo is an outflow of the surface water node (m>/s), Qi, is the inflow of the surface water node (m>/s), Qstructure iS the
maximum discharge capacity structure (m>/s), At is the time interval (s) and S; is a storage in the surface water node at time-
step ¢ (m).

2.6. Storm sewer system

Two copies of Digraph-1 are created (Digraphs 2 and 3) for the storm sewer system. The nodes in Layer-1 represent the man-
holes. The edges represent the conduits of the storm sewer system. Each node (manhole) of Layer-1 is linked to the copy of
this node in Layer-2 (connection L1-L2) and Layer-3 (connection L1-L3). The nodes of the layers are connected with an edge
in the opposite direction at the outflow locations (connections L2-L1 and L3-L1 instead of connections L1-L2 and L1-L3).
Layer-2 is used to drain the water when the capacity of Layer-1 is insufficient. Layer-3 is used as a bypass to drain the water
when the capacity of Layer-1 and the connections L1-L2 are insufficient (Figure 5). This bypass does not refer to a physical
element but is necessary to ensure that the algorithm can always be applied. The use of three layers allows one to limit the
capacity of the connection L1-L2 and still always arrive at a solution to the minimum cost flow algorithm via Layer-3.
The capacity limitation of L1-L2 corresponds to the pressure in a manhole during flooding. When the capacity of L1-L2 is
not limited, the water that cannot be drained through Layer 1 can flow through a limited number of manholes to Layer 2,
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which results in an underestimation of the flood extent. Because of the applied cost, the water always flows from L1-L2
before edge L1-L3 is used. As a result, the node is already marked as flooded.

2.7. Costs and capacity of the edges

The costs of most of the edges in the GBWLM are derived from the head loss (see Meijer et al. 2018) except for the connec-
tions between the layers. The capacity of the edges is based on linearised hydrodynamics. The general process to determine
the capacity of the pipes is described in the next section. To determine the capacity or costs for the edges between the graph
layers, an additional analysis is required or an exception can be made. These are described in the sections after the linearised
hydrodynamic section.

2.7.1. Linearised hydrodynamics in the GBWLM

Hydrodynamics are linearised to estimate the capacity of the pipes and the costs of the connections between layers of the
graph. The quadratic hydraulic gradient equation (Equation (2)) has been simplified to a linear relationship (Equation (3)).
The maximum capacity of each pipe is computed (Equation (2)) based on the maximum available hydraulic gradient.
Qquadratic 18 based on the Chézy formula. ajineor is determined for each pipe by linearising the discharge (between zero and
the maximum pipe capacity) and the maximum available hydraulic gradient (Equation (3)):

I= aquadraticQ2 (2)

I= alinear|Q| (3)
R

I=en? @

where I is the hydraulic gradient (-), Q is the discharge (m®/s), Qquadratic 1S @ quadratic hydraulic parameter (s?/m®), tinear 1S @
linear hydraulic parameter (s/m>), C is the Chézy coefficient (m®5/s), A is the wet surface of the pipe (m2) and R is the hydrau-
lic radius (m).

The process of linearisation in the GBWLM comprises the following steps:

1. Calculate the cost of the pipes based on the head loss.
2. Calculate the available hydraulic gradient. The available gradient for conduits depends on the crest level or surface water
level of the outflow point, street level and path length and is determined as follows:
i. The shortest paths of all nodes to the closest outflow points are calculated with the Dijkstra algorithm for Digraph-1
(Layer -1 in Figure 6) (Dijkstra 1959).

general WLM process recalculate discharge

surface water system capacity of conduits
based on new water

sum flooded area

level reduced conduit capacity
>
4 sum flooded area
calculate rise water ) 4 full capacity?
level

select corresponding
storm event

2 calculate extra flooded
area

Tise water level
> threshold?

calculate flooded area
with reduced conduit
capacity

Figure 6 | Process of the surface water component of the GBWLM.
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ii. The minimum available hydraulic gradient is determined for each manhole. The differences between ground level and
crest level are divided by the path length without taking into account the available gradients of the other manholes.

iii. The available hydraulic gradient is recalculated for each manhole (from the smallest to the largest available hydraulic
gradient from Step ii), taking into account the gradients of the other manholes. If a path crosses a path with a known
hydraulic gradient, the hydraulic gradient is computed between the level of the gradient line at the junction, the street
level and the path length.

3. Calculate the pipe capacity with Equation (2).

. Calculate ajjnear with Equation (3).

5. Determine the runoff area that discharges via a pipe. The paths that include a pipe are selected. The runoff area of all start-
ing nodes (sources) of these paths is summed.

6. Determine the costs between connections for Layers 1 and 2. The costs are equal to the freeboard (ground level minus
water level) of all manholes, which corresponds to the static head loss. The water levels are calculated using an iterative
process. The discharge and corresponding hydraulic gradient (Equation (3)) in every pipe are calculated by multiplying the
runoff area that drains via a pipe (Step 5) by low rainfall intensity. Starting at the node with the smallest available hydraulic
gradient, the water levels are calculated on the path from the closest outfall based on the discharge, Equation (3) and the
length of the pipe (see Step 2(c)). If the water level is below ground level at all manholes, the rainfall intensity is increased
until the water level is above ground level at one or more manholes. The water levels calculated with the last intensity at
which no floods occur are used to calculate the freeboard for every manhole.

~

2.7.2. Costs of the connections between the layers

The connections between the layers ensure a path through which all the water can always be drained. The connections
between the layers may only be used if no other outlet route is available. Therefore, the cost should be equal to the total
cost of pipes in Layer-1 (see Table 1).

2.7.3. Structures (edges)

All the structures in the storm water sewers and surface water systems are made of multiple sub-connections in order to
increase capacity with increasing head loss. Small changes in head loss can result in large changes in the hydraulic capacity
of structures (and especially weirs). The relationship between the capacity and cost (head loss) of a structure is derived from
its characteristics. The head loss is incrementally increasing. For each head loss, a sub-connection is added to the graph. The
cost of the sub-connection is equal to its head loss. For sub-connection 1, the capacity is equal to the capacity of the corre-
sponding head loss. For the other sub-links (i in two to #), the capacity is equal to the capacity of the corresponding head loss
of sub-connection i minus the capacity of the corresponding head loss of sub-connection i-1 (see Table 2).

The capacity and costs of all link types of the GBWLM are summarised, respectively, in Tables 3 and 4.

2.8. Capacity reduction and effect
2.8.1. Gully pots

The gully pot capacities are reduced by decreasing the design discharge capacities by a certain percentage (10-90% in 10%
increments). The results of the gully pots can be evaluated (see left column of Figures 2 and 3). The number of events in which
the discharge capacity is less than the rainfall intensity (which is identical to the runoff intensity as no rainfall-runoff model is

Table 1 | Costs and capacity of the bypass edges

Subsystem Edge type Capacity Costs

Surface Connection Layers ~ Equal to the total inflow Total cost of the edges in Layer 1
water land2

Storm Connection Layers Default value depending on the The sum of costs of all edges of Layer-1 and the freeboard
sewer 1and 2 flood characteristics at the location of the connection (manhole)

Storm Connection Layers ~ Equal to the total inflow Total cost of the edges in layers 1 and 2
sewer land3
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Table 2 | Costs and capacity of structures

Sub-connection of structure Head loss (m) Costs Total capacity structure (m3/s) Capacity sub-connection structure (m?/s)
1 0.01 0.01 Q= a0.01# Q= a0.01#
2 0.02 0.02 Q= «0.02° Q= a0.02% — 20.01#
0.03 0.03 Q= «0.03* Q= a0.03 — «0.028
etc.

Table 3 | Overview of the capacity of the edges in the digraphs

Edge type Capacity storm sewer Capacity surface water
Layer-1 Q= aHf Q= aHf

Layer-2 Q= aHP Total inflow
Layer-3 >Total inflow Not applicable

Connection L1-L2
Connection L1-L3
Connection L2-L1
Connection L3-L1

Default value for more details see Section 2
Total inflow

Total inflow

Total inflow
Not applicable

Total inflow

Total inflow Not applicable

Table 4 | Overview of the costs of the edges in the digraphs of the GBWLM

Edge type Costs storm sewer Costs surface water

Layer-1 Head loss Head loss

Layer-2 Head loss Head loss

Layer-3 Head loss Not applicable

Connection L1-L2 Sum costs of edges in layer-1 + freeboard Sum costs of edges in layer-1
Connection L1-L3 Sum costs of edges in layer-1 and layer- 2 Not applicable

Connection L2-L1 0 0

Connection L3-L1 0 Not applicable

used) is counted per gully pot and multiplied with the runoff area of the gully pot. This results in an estimation of the flooded
area and the flood frequency.

2.8.2. Storm sewers

The capacity of the storm sewer is reduced by decreasing the capacity of all edges by a certain percentage (10-90% in 10%
increments). The consequences of a capacity reduction in the sewer system are evaluated using the function min_cost_flow of
the Networkx module in Python (Hagberg et al. 2008). This function determines the flow paths having minimum costs of all
nodes to the central outflow point; this is performed for each event (see the centre column of Figures 2 and 3). Water flows
from the nodes of Digraph-1 via the edges to the central outflow point. Manholes are labelled as flooded if the water flows
through a Layers 1-2 edge. The flooded area is set equal to the runoff area of the connected gully pots.

2.8.3. Surface water system

The capacity of the surface water system is reduced by decreasing the capacity of all edges by a certain percentage (10-90% in
10% increments). The effects of a reduction in the surface water system are determined in two steps: (1) the water levels are
calculated (Figure 3); (2) if these exceed a threshold, then the impact on the storm sewer is calculated (backwater effect,
Figure 6).
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2.9. Similarities and differences with the graph theory method

The GBWLM shares the flow path analyses with the GTM for pressurised systems (Meijer ef al. 2020) and the GTM for grav-
ity-driven systems (Meijer et al. 2018) but is substantially different. The main characteristics of the three methods are
summarised in Tables 5 and 6 to clarify the differences between the methods. The tables show that the costs of edges are
derived from the head loss in both the GBWLM and GTM. The GBWLM and the GTM differ on the components: outcomes
(flood frequency extent versus ranking), the network schematisation (layered graph vs. graph or digraph) and including or
excluding the pipe capacity.

2.10. Metrics applied to compare the outcomes of the Achilles approach and the GBWLM
In comparing the Achilles approach and the GBWLM, the following metrics are used:

* characteristics of the results:

o Flooding volume of the storm sewer.

o The number of flooded manholes at system level.

o The locations of the flooded manholes.

o The rise of the surface water level.

The results of the GBWLM are compared with the outcomes of a hydrodynamic storm sewer and surface water model
serving as a reference.

The root mean squared error (RMSE) and correlation coefficient (R?) are used to compare the outcomes of the hydrodyn-
amic models and the GBWLM for the extent of flooding events (storm sewer component of the GBWLM) and increase of
water levels (surface water component of the GBWLM). The Kendall rank correlation coefficient (Kendall 1945) commonly
referred to as Kendall’s tau-b coefficient (z,) is used to determine the relationship between the outcomes of the Achilles
approach and those of the GBWLM. 7, is a nonparametric measure of association based on the number of concordances
and discordances in paired observations. 7, can be interpreted as a measure of similarity between two data sets. Minus
one (—1) implies a 100% negative association; one (1) is a 100% positive association. Equation (5) presents this calculation:

P-Q
(VP+Q+Xo)+P+Q+Y0))

Ty =

5)

where 7, is Kendall’s tau-b coefficient, P is the number of concordant pairs, Q is the number of discordant pairs, X is the
number of pairs tied only to the X variable and Y, is the number of pairs tied only to the Y variable.

Table 5 | Characteristics of the GTM for pressurised and gravity-driven systems

Pressurised systems Gravity-driven systems
Outcome Ranking of the elements Ranking of the elements
Network schematisation Graph Digraph
Costs of edges Dynamic head loss Static and dynamic head loss
Capacity of edges Not applicable Not applicable

Table 6 | Characteristics of the GBWLM for urban drainage systems consisting of gully pots, storm or combined sewer systems and surface

water
Gully pots Storm sewer Surface water
Outcome Flooded area and flood frequency Flooded area and flood frequency Flooded area and flood frequency
Network schematisation Not applicable Digraph 3 layers Digraph 2 layers
Costs of edges Not applicable Static and dynamic head loss Static and dynamic head loss
Capacity of edges Not applicable Linearised hydraulics Linearised hydraulics
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The F; score (or F; measure) is a measure of the accuracy of a test. It combines the recall and precision in a single measure.
The recall is a measure of the critical elements that were correctly identified as such and the precision represents the pro-
portion of correctly identified critical elements. The following relations apply if recall and precision are of equal weight
(Chinchor 1992):

£ 2*P*R7 2+TP ©)
' PYR ™ 2+«TP+FP + FN
TP
R= o5 N ™
TP
P= o Fp ®)

where P is precision (-), R is recall (-), TP is true positive (=), FP is false positive (-), FN is false negative (-) and F; is the F;
score (-).

The precision of the GBWLM is the number of correctly identified flooded manholes divided by the total number of flooded
manholes identified by the GBWLM. The recall of the GBWLM is the correctly identified number of flooded manholes by the
GBWLM divided by all the flooded manholes (in the hydrodynamic model).

2.11. Case study details

A part of the urban water system in the municipality of Almere (the Netherlands) was used as a case study for testing the
GBWLM. Almere is located in the province of Flevoland an entirely human-made and human-controlled polder system
that was reclaimed from the former Zuiderzee. The case study focused on the surface water system in Almere Centrum
(Figure 7) and the storm sewer catchments Waterwijk Oost Noord (referred to as Waterwijk Noord) and Waterwijk Oost
Zuid (referred to as Waterwijk Zuid), situated in the north-eastern part of the area (see Table 7). The pumping station that
discharges water to a larger regional surface water system is situated just to the south of Waterwijk Zuid.

ﬂ Pump station
A  Weir (surface water)
< Culvert
= Channel
Manholes
Waterwijk Oost Noord
o Waterwijk Oost Zuid
Conduits
Waterwijk Oost Noord
— Waterwijk Oost Zuid
Surface water body
[ -4.50 m (subsystem)
[]-5.50 m (main system)

0 500 1.000m
| I

Figure 7 | The urban water system of Almere.
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The ‘Weerwater’ is a large pond (1.5 km?) located in the centre of the surface water system. The Weerwater has a dampen-
ing effect on variations in the surface water level because of its storage capacity. The surface water system is divided into a
main system and a smaller subsystem. The main system is directly connected to the storm water systems and has a water level
of -5.5 m reference level. The reference water level in the smaller section in the southwestern part is —4.8 m, which defines a
boundary condition for the main system. Water is discharged from the subsystem to the main system during storm events. The
characteristics of the surface water system are summarised in Table 8.

Table 9 provides an overview of the runoff area per gully pot determined using the Voronoi triangulation (Voronoi 1908).

2.12. Applied rainfall series

For the analysis of urban water system networks and to understand the consequences of interactions between the subsystems
and the perennial precipitation series were used. The applied rainfall series is the registered series by the Royal Dutch Meteor-
ological Institute in De Bilt over the period 1955-1979 with a 15 min resolution.

Table 7 | The characteristics of the storm sewer systems in Waterwijk Noord and Waterwijk Zuid

Characteristics Waterwijk Noord Waterwijk zZuid
System type Storm sewer Storm sewer
Catchment area Flat Flat

System structure Branched Branched
Surface level (m reference level) —4.00 and —2.43 —4.34 and —3.06
Contributing area (km?) 0.15 0.09

Storage volume (mm/m?>) 1.73/253 0.83/76
Number of edges 118 92

Number of manholes 99 76

Outflow structure 3 4

Surface water level (m reference level) -5.5 -55

Table 8 | The characteristics of the surface water system of Almere Centrum

Characteristics Surface water system Almere Centrum
Length of channels (km) 39.8

Area surface water (km?) 2.6

Runoff area unpaved (km?) 8.0

Runoff area paved (km?) 12.4

Surface water level (m reference level) —4.8 and —5.5

Number of internal weirs 3

Number of culverts 12

Pump capacity (m*/s) 341

Table 9 | The characteristics of the gully pots in Waterwijk Noord and Waterwijk Zuid

Characteristics Waterwijk Noord Waterwijk Zuid
Number gully pots 696 461
Average runoff surface per gully pot (m?) 103 119
Maximum runoff surface per gully pot(m?) 338 486
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The rainfall includes an event with a return period of approximately 50-100 years (11-14 October 1960, 108.6 mm in 96 h).
This implies that the rainfall series includes a representative event with a return period close to the design return period (T =
100) of the surface water system, despite the series being relatively short.

The GBWLM was validated against the outcomes of a hydrodynamic surface water model and a hydrodynamic storm
sewer model of Almere. The period 1955-1964 of the above-mentioned rainfall series was used for the validation of the sur-
face water part of the GBWLM. A storm event with increasing rainfall intensity from 1 to 30 mm/h in steps of 1 mm/h was
used for the validation of the storm sewer component. The duration of each precipitation intensity was 12 h to ensure (near)
stationary conditions in the whole system. Between each of the two consecutive precipitation intensities, a dry period of 5
days was applied. This meant that the initial conditions at the different intensities were identical. The results of the
GBWLM were compared with the results from a hydrodynamic model for these 30 storm intensities.

3. CASE STUDY RESULTS, THEIR INTERPRETATION AND DISCUSSION
3.1. Results of the case study of the GBWLM

Flood frequency and flood extent were used to analyse the impact of capacity reduction on the urban water system of Almere.
The flood frequency and extent were determined for various capacity reductions of the three analysed subsystems: gully pots,
storm sewer and surface water. The results are presented in bar charts (Figures 8 and 9); the horizontal axis shows the applied
capacity reduction (%), the vertical axis shows the resulting flood frequency (number per year) and the bar colour indicates
the flood extent (flooded area as a percentage of total paved area).

Waterwijk Zuid

Gully pot Storm sewer Surface Water
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Figure 8 | Overview of the yearly flood frequency for the various available capacities of gully pots, storm sewers and surface water system in
Waterwijk Zuid. The flood frequency of the gully pots is 2 times per year the flood frequency of the storm sewer 12 times per year and the
flood frequency of the surface water is less than 1 time/year if full capacity is available.
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Figure 9 | Overview of the flood frequency per year for the various available capacities of gully pots, storm sewers and surface water system

in Waterwijk Noord. The flood frequency of the gully pots is less than 1 time per year, the flood frequency of the storm sewer 5 times per year
and the flood frequency of the surface water is less than 1 time/year if full capacity is available.

The results for the surface water network in Figures 8 and 9 present the increase of flooding compared to the reference
situation in which all three subsystems have full capacity. The total flooding is therefore the sum of the flood in the storm
sewer at 0% capacity reduction and the flood due to the surface water system.

3.1.1. Gully pots

The performance of the gully pots in Waterwijk Zuid and Noord at declining capacity was similar. However, both the flood
frequency and flood extent were larger in Waterwijk Zuid. This corresponds with the (approximately 15%) larger average
runoff area per gully pot in Waterwijk Zuid (see Table 9). The flood frequencies of the gully pots were 0-2 times per year,
if full capacity was available.

The flood frequency and flood extent increased in a non-linear relationship with decreasing capacity. The impact on the
performance was limited for capacity reductions up to 40%. The flood frequency was 5 or 6 times per year and the flood
extent was limited to 5% of the area for most events. This implies that the overcapacity for most gullies was approximately
30%. This can be considered a safety factor in the design.

3.1.2. Surface water

A reduction in the discharge capacity of the surface water system had a slightly greater impact on the frequency and extent of
flooding in Waterwijk Noord than in Waterwijk Zuid. At the full capacity of the surface water system, the flood frequency was
less than once a year. The impact of a capacity reduction of the surface water was relatively limited when the capacity
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reduction was limited to 70%. Both the flood frequency and flooded area increased strongly with an increased capacity
reduction.

The number of times that more than 75% of the surface was flooded was approximately 85 times per year in Waterwijk
Noord and 70 times per year in Waterwijk Zuid in the case of a capacity reduction of 90%. This is notable because Waterwijk
Noord floods less frequent than Waterwijk Zuid for capacity reductions up to 80%.

3.1.3. Storm sewer

The differences in the performance of the two storm sewer systems were larger than those of the other subsystems in the two
catchments. Waterwijk Zuid flooded about 12 times a year and Waterwijk Noord five times a year without capacity reduction.
More events with a small flood extent occurred in Waterwijk Zuid than in Waterwijk Noord. The flood frequency increased
to 96 times per year in Waterwijk Zuid and 85 times per year in Waterwijk Noord if the capacity declined.

The most striking difference was observed in the extent of flooding. A clear increase could be seen in the frequency of
events with a flood extent of 10-25% in Waterwijk Zuid if the capacity decreased. In Waterwijk Noord, the frequency of
all flood extent categories increased. This means that a decrease in the capacity of the storm sewer in Waterwijk Zuid resulted
in higher flood frequencies, but to a limited extent. In Waterwijk Noord, both smaller and larger flood events occurred more
frequently.

The three subsystems are analysed in an integrated manner using the GBWLM. This allows the spatial and temporal res-
olutions of the models to be aligned. This is often a problem when integrating individual models into an integrated model
(Tscheikner-Gratl et al. 2019). The computational effort required is reduced because the GBWLM uses flow path analysis
instead of hydrodynamic models. This allows precipitation series to be applied instead of events, as in the Achilles approach
(Mair et al. 2012).

Event selection in advance is difficult due to the differences in storage and drainage characteristics of subsystems. The com-
bination of storage and discharge capacity determines the time it takes for the system to return to its initial status after a storm
event. Therefore, it is not possible to apply design events with a known return period to integrated systems. A multiyear analy-
sis is necessary for a reliable static analysis of the probability of flooding (Vaes et al. 2009). Therefore, we used a 25-year series
applying a 25-year precipitation series in the GBWLM case study shows that event selection is not necessary.

3.2. validation of the GBWLM
The results of the GBWLM were validated against the Achilles approach. The validation was based on four criteria:

1. Flood volume at the system level of the storm sewer.
2. Number of flooded manholes at system level.

3. Locations of flooded manholes.

4. Rise of the surface water level.

A storm event was used with a progressive rainfall intensity ranging from 1 to 30 mm/h to validate the storm sewer system
of the GBWLM. A dry period of 5 days was applied between each of the two consecutive precipitation intensities. Thus, the
initial conditions at the different intensities were identical. The results are summarised in Table 10 (for more details, see sup-
plementary material). The table shows the minimum values of the 30 events.

The correlation between the flood volume of the Achilles approach and GBWLM for the storm sewer was significant (R* =
0.97-0.98 and 7, = 0.95-0.96, supplementary material Figure S2). This implies a high degree of equality in the flood volume
outcomes according to the Achilles approach and the GBWLM.

The flooding started at a slightly lower rainfall intensity (2 mm/h) in the GBWLM when compared to the Achilles
approach, while the GBWLM provide a satisfactory estimate for both the total number of flooded manholes and the locations
where the flooding occurs (Figures S3-S6, supplementary material). The scores for the number of flood locations and the
locations of the flooded manholes were lowest at the transition between non-flooded and flooded regions. The percentage
of correctly classified manholes (flooded, non-flooded) reached the lowest score of 72% correctly classified manholes. In
this transition phase, the indicator for the locations of flooded manholes, the F; score, may drop below 0.3. The F; score
is low because only a few manholes were flooded in the transitional phase. The impact on the F; score is significant if
some of these manholes are not correctly classified. The F; score increased rapidly if the rain intensity after the transition
between non-flooded and flooded increased by 2 mm/h.
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Table 10 | Overview of the validation results for the GBWLM for a sewer system, based on a storm event with an increasing intensity of

1-30 mm/h
Waterwijk Waterwijk Zuid Waterwijk Noord
Flood volume R? 0.98 0.98 0.97
Tp 0.95 0.95 0.96
Flooded manholes True positive/negative (minimum©) 84 69 82
False positive (maximum®%) 12 21 6
False negative (maximum?%) 6 14 18
F; (overall) Fy 0.84 0.87 0.8
Precision 0.78 0.84 0.7
Recall 0.90 0.90 0.92
F; (minimum value) F, 0.21 0.24 0.11
Precision 0.16 0.19 0.06
Recall 0.33 0.33 0.84

The values of the flooded manholes and the F; score are the minimum values of the 30 events.

The surface water system was validated with a 10-year rainfall series and the water level variation of the GBWLM was com-
pared with the results of the Achilles approach. The results of the validation of the surface water part of the GBWLM showed
a strong correlation with the results of the Achilles approach (R* = 0.93; see supplementary material, Figure S7). This means
that the GBWLM followed the pattern of surface water level rise in the Achilles approach.

3.3. Applicability of the GBWLM at increased rainfall intensities

The performance of networks can be affected as a result of either a change in load or capacity of the networks (Reyes-Silva
et al. 2020). The case study of Almere focused on the decrease in capacity of subsystems. This subsection shows that the con-
sequences of an increase in load are similar to those of a decrease in capacity.

A comparison was made between the freeboard (freeboard is the distance between ground level and water level) at a dou-
bling of the precipitation intensity and at a halving of the discharge capacity for a storm sewer system. Three sets of
calculations were performed:

1. The storm sewer system was tested with two stationary events of 4 and 8 mm/h.
2. The intensity of the events was doubled and the storm sewer system was tested with two stationary events of 8 and 16 mm/h.
3. The discharge capacity of the storm sewer system was halved and tested with two stationary events of 4 and 8 mm/h.

The storm sewer network reacted similarly to a capacity reduction of the pipe diameter and increased storm intensity.
Figure 10 shows that when the storm intensity increased by a factor of two (Figure 10, bottom-left) or the available capacity
decreased by a factor of two (Figure 10, bottom-right), the changes in freeboard were as expected and of the same order of
magnitude (Figure 10, top-right). This means that the GBWLM can be used to analyse the impact of both a decrease in
capacity of the system and an increase in load on the system.

The rainfall intensities of storm events with return periods of 0.5-1,000 years and duration of 10 min-12 h are expected to
increase by 17.1-21.3% as a result of climate change (Beersma et al. 2019). This is expected to correspond to a capacity
reduction of approximately 20% (Figure 10). Figures 8 and 9 show that such a capacity reduction had little impact on the
flood frequency and extent caused by gully pots and surface water. However, it could lead to a 50% increase in the storm
sewer flood frequency and an increase in the extent of flooding.

3.4. Required input data and effort

The GBWLM is more accessible than the Achilles approach (Moderl ef al. 2009; Mair et al. 2012) because fewer data and less
computational effort are needed. The computational effort required for the Achilles approach is approximately 30 times
greater than that for the GRBWLM.

Correct representation of the network structure and geometry is important in both approaches; however, hydrodynamic
models are replaced by path analysis of digraphs in the GBWLM. The GBWLM requires less information about manholes
and structures when compared to the Achilles approach.

Table 11 shows the data not included in the GBWLM.
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Figure 10 | Comparison of the freeboard in the event of an increase of the storm intensity and a decrease of the available capacity for a
storm event of 4 and 8 mm/h. Note: A different Y-scale has been used for the graph top-right.

Collecting data regarding structures normally may require a significant effort, particularly when the sewer must be accessed

to obtain these data. Information about manholes can be collected relatively easily and is often combined with sourcing
characteristics that are necessary for both the Achilles approach and the GRBWLM.

Table 11 | Overview of the required data per sub system included in hydrodynamic models and excluded in the GBWLM

Rainfall-runoff models Gully pots Storm sewers Surface water system
Runoff parameters Inlet Street level manhole Thalweg (centre line of the water
parameters system)
Differentiation of roof types z-coordinate Dimensions manholes Cross sections
Differentiation of paved area types Weir characteristics (except height) Weir characteristics (except capacity)
Differentiation of unpaved area Pump characteristics (except Pump characteristics (except height)
types capacity)
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3.5. Limitations of the GBWLM

The most important limitation of the GBWLM is that the method is not fully applicable to all urban drainage systems. Its
applicability depends on the linearisation potential of the hydraulics. If the hydraulic gradients are heterogenic, the results
of the GBWLM will differ more from the results of hydrodynamic models. Meijer et al. (2022) present the Network Linear-
isation Parameter (NLP) to get a first indication or the GBWLM can be applied successfully. Possibly, linearisation based on
the pipe gradient or the ground level gradient may increase the scope of application of the GBWLM in sloping areas.

4. CONCLUSIONS

The GBWLM differs from the Achilles approach in that the former relies on network structure and flow path analysis, while
the latter requires the application of full hydrodynamics. The advantages of the GBWLM approach can be summarised as:

* A full and integrated analysis of urban drainage systems (gully pots, storm sewers and surface water).

* An analysis with a full (multiyear) rainfall series consisting of multiple events.

* Less required computational effort, resulting in a significant reduction of simulation run times. At the price of a simplifica-
tion of the representation of the hydrodynamics (in GBWLM, this is linearised).

* Determination of the effects of both reduced (sub)system capacity and increased rainfall intensities.

The parameters ‘flood extent’ and ‘flood frequency’ were used to assess the system’s performance. Both are indicators for
the severity of floods and can be used as a basis to determine the consequences in terms of impact, such as damage or health
risk.

The outcomes of the analysis can be used to prioritise maintenance activities and system rehabilitation. Our results showed
that the storm sewer system of Almere Waterwijk is the weakest link and most prone to capacity reduction. The flood fre-
quency may increase by approximately 50% in 2050 as a consequence of climate change.

The case study also showed that the GBWLM is applicable for systems where the functioning is determined by both dis-
charge and storage capacity. This means that many different types of systems could be analysed with the GBWLM. This
research may contribute to the analysis of larger networks with other parameters, such as concentration times. This can
allow for an analysis of large river systems with the GBWLM that, over time could help to optimise the design and mainten-
ance of these systems.
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