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Abstract: Owing to climate change, heavy rainfall events have increased in recent years, often
resulting in urban flooding. Urban flood models usually consider buildings to be closed obstacles,
which is not the case in reality. To address this research gap, an existing 1D/2D model was extended
with underground structures. The underground structures were located using site visits, Google
Earth, and information provided by the city administration. Control strategies were used to represent
partially open doors or tilted windows. The model was simulated with three measured rainfall
events in three different scenarios. Scenarios with underground structures resulted in small storage
volumes in the structures and a slightly less flooded area on the surface. The assumptions made
were analysed using sensitivity analysis. Varying the number and location of underground structures
resulted in small variations in the stored volume and surface flood volume. The sensitivity analysis
also showed that the thresholds for height and velocity had a large impact, whereas the opening
percentage did not influence the number of buildings affected. The conclusion of the study is that the
inclusion of underground structures has little effect on the predicted flooded areas but can be useful
in quantifying the water depth in potentially vulnerable buildings.

Keywords: 1D /2D modelling; urban flooding; basement flooding; sensitivity analysis

1. Introduction

The number of extreme events has increased in recent years [1-4]. This is also demon-
strated by several heavy rainfall events in Austria (e.g., Innsbruck 2016 [5], Graz 2018 [6],
and Kufstein 2021 [7]). Such storm events have been observed not only in Austria but
also in other European countries (e.g., Italy 2022, Russia 2022, Portugal 2022, Turkey 2022,
Spain 2022, and England (UK) 2022 [8]). Owing to its high relevance, there has been much
research on this topic [9,10]. Future flood risk will be exacerbated by, among other things,
climate change and increasing urbanisation [2,4,11,12]. Because surface flows are known to
have a major influence on the flood risk of individual properties [13], urban flood modelling
is becoming increasingly important for flood risk assessment. Integrated 1D /2D models
are often used to identify potential flood areas [14] and couple 2D overland flow and 1D
sewer flow [15]. The question of whether the sewer system should be included [16,17],
simplified, or discarded [18,19] in urban flood models is still under discussion. However,
the current trend is to include sewer networks [20-22], especially in urban catchments, as
the main cause of urban flooding is often the limited capacity of the sewerage system to
interact with overland flow [23].

The most common modelling approaches consider buildings to be obstacles with
water flow between the structures (blocking-out), local elevation rise, or local increase
in solid surface roughness [24]. The blocking-out approach has proven to be the most
efficient method of representing buildings in urban environments for two-dimensional,
fully dynamic flood-modelling applications [25], although modelling uncertainties can
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never be completely avoided. Deletic et al. [26] define three main groups of uncertainty
sources—uncertainty in model inputs, uncertainty in calibration, and uncertainty in model
structure—the latter determining how well the model represents the real system [24].
However, all these three approaches do not really represent the real system in which water
can enter buildings, particularly basements.

The smaller temporal and spatial scale of pluvial floods endangers sensitive areas
such as subways and underpasses [27]. On the one hand, buildings with basements or
underground car parks are known to have a high damage potential [28,29], as water floods
the lower structures first. On the other hand, these structures also provide significant
storage volumes during floods and, in some cases, also provide floor drains, funnels,
infiltration gravel beds, or trench drains, thus influencing the surface flooding situation.
Quantifying water ingress into buildings is a research topic that has rarely been studied
in the past [30-32]. In an experimental setup [33], it was verified that there is a significant
influence of the storage effect of basements on the surface flooding situation, but that
study still suggests further considerations for modelling. In urban flood modelling, the
simulation of flow through and within buildings can be performed in 2D [34] or 3D [35],
for example, for a single-family house [36]. However, a 2D /3D approach is inappropriate
for larger areas like cities or city districts because of the need for high-resolution data and
long simulation times.

The aim of this study is to investigate the impact of flood modelling that allows
water to be stored in the included underground structures. As such, this paper analyses
conceptualisation as part of model structure uncertainties according to the classification
of Deletic et al. [26]. We used an existing model and combined a 1D approach with a 2D
surface model. Specifically, 1D elements were used to represent underground structures in
the model, which acted as additional storage areas and, thus, influenced the surrounding
surface water conditions, which were represented with a generated 2D mesh of nodes and
conduits. The 1D approach used to integrate underground structures can also be applied
to larger areas and can provide additional information on vulnerable buildings. The
modelling of such structures is based on assumptions because of the lack of information on
underground structures, their openings, and the opening conditions during a flood event.
Conventional modelling approaches in the literature have not considered water ingress
into buildings; however, this may be the case in reality because buildings can have several
openings (e.g., doors and windows). Therefore, this study addresses this research gap by
identifying how such structures can be included in a model, how they affect the resulting
flood situation, and, ultimately, possible further risk analysis. The aim is to compare
the conventional (without buildings) and the presented (with buildings) approaches to
identify the importance of building representations in flood modelling. Furthermore, data
availability is an important issue in this context because the level of detail influences the
results. Therefore, a sensitivity analysis of the selected control condition and a sensitivity
analysis of the number and location of underground structures were carried out to test the
robustness of the results and plan effective data collection.

2. Materials and Methods
2.1. Study Site

This research is based on an existing calibrated 1D /2D model of the study site in Graz,
Austria [22]. Graz is located in the Northern Hemisphere, with an average temperature
of 8.2 °C [37], and the annual precipitation is approximately 860 mm [38]. Heavy rainfall
events typically occur during the summer (from June to September). The model includes a
1D sewer system and a 2D surface model. It was created using the commercial software PC-
SWMM2D (7.4) developed by the Computational Hydraulic Institute (CHI) [39], presented
by James et al. [39], and demonstrated by Abdelrahman et al. [40]. The valley-shaped study
area is in the eastern part of the city and covers approximately 132 ha (Figure 1).
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Figure 1. Study site in the eastern part of Graz, Austria, including the small stream Annabach, sewer
system, and hillside area.

The catchment consists of a small stream (Annabach), an urban area with a combined
sewer system, and a hillside area with an average slope of approximately 20 percent [41].
Hillside runoff can be a major factor in pluvial flooding, particularly in the alpine regions
of Austria [42]. The settlement area is a mixed residential area with single-family houses
with basements and few underground car parks.

2.2. Data Requirements

An existing and calibrated 1D /2D model was utilised to integrate the underground
structures using the data sources described in this chapter (Table 1).

Table 1. Utilised information, data, and data sources.

Utilised Information/Data Data Source
Calibrated model used for including the 1D/2D model in SWMM Reinstaller et al. [22]
underground structures 1D
e . . 4 August 2020, 13 August 2020, Graz city
Precipitation (1 min resolution) 30 July 2021 measurement network (GCMN) [38]
Google Earth Google
Identification of underground structures Site visits Own experience
(Assumptions have been made for Document provided by the city council
information that could not be obtained.) Information sheet “Building and Facilities Authority”
of Graz

Several flooding problems have been documented in the study area during recent
heavy rainfall events. Therefore, the calculations were based on three real rainfall events
(GCMN [38]) that occurred on 4 August 2020, 13 August 2020, and 30 July 2021 (Figure 2).
All three events had a return period slightly below (13 August 2020: 91.4 years for a
duration of 20 min) or above 100 years (4 August 2020: 604.6 years for a duration of 20 min;
30 July 2021: 5887.1 years for a duration of 4.5 h).
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Figure 2. Precipitation (mm/min) for the three real stormwater events on (a) 30 July 2021, (b) 13
August 2020, and (c) 4 August 2020.

The existing model was modified to include underground structures such as base-
ments and underground car parks. Therefore, in addition to the information provided
by the city council “Building and Facilities Authority” of the City of Graz, a site visit
and virtual inspection using Google Earth was carried out to identify the locations of
such structures by identifying openings such as garage doors or basement windows and
entrances to underground parking areas. Floor drains were not considered because of
missing information and a potentially low impact. The locations of underground structures
and their openings, such as windows and doors, are required, as is information about the
geometry and offset of each type of entrance. Basically, 5 different types of openings/inlets
have been defined; for more information, refer to Section 2.3. However, the following
assumptions were made. The underground volume was determined on the basis of the
assumption that the area of the underground structure was equal to the area of the building
above and had a generally defined height of 2.5 m. In particular, the assumed location
of underground structures and the geometry of openings are subject to a high degree of
uncertainty and can, therefore, have a large impact on the database. A sensitivity analysis
was conducted to assess these effects and identify the need for effective data collection
by municipalities.

2.3. Modelling Approach

The software PCSWMM2D, developed by CHI [43], is based on the open-source
Stormwater Management Model SWMMB5.1 [44,45]. 1D elements from this software were
used to represent underground structures. Calculations were performed using the dy-
namic wave equation and Green-Ampt method for infiltration. As a first step to include
underground structures in the model, 1D storage elements were implemented to represent
the basements and underground car parks. The assumptions described in Section 2.2
were used to define the size of the storage elements, and 1D model elements were chosen
owing to the computational time and insufficient data on the underground structures. The
storage elements were connected to the 2D mesh nodes in PCSWMM?2D using 1D orifice
elements, which represent the inlets such as windows and doors, and were defined by their
geometry, height, and location according to Google Earth and site visits. There were five
different ways to define the inlets (Figure 3): (a) basement window, (b) window with funnel,
(c) window with an infiltration gravel bed, (d) door/garage door, and (e) underground
garage door.
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Figure 3. Examples of the 5 different types of inlets in reality and in model representation (green
are storage elements, pink are orifice elements and blue are weirs with an outlet): (a) basement
window, (b) window with funnel, (c) window with infiltration gravel bed, (d) door/garage door, and
(e) underground garage door with trench drain.

Various types of structures are characterised by their geometry and inlet offset, which
represent the structure’s distance from the ground. Funnels and infiltration gravel beds
were modelled with additional storage, allowing infiltration in the case of gravel beds but
not funnels. Doors and garage doors have larger inlet areas than windows, with a smaller
inlet offset. Underground garage doors with a trench drain were modelled with additional
storage and a weir to allow a small amount of water to escape. Control strategies have
been introduced to allow partial opening under specific circumstances, such as leakage
or broken windows. These strategies were based on some average conditions from the
literature [46] and involved checking the water level and velocity at connected nodes for
values at which it was assumed that water could enter a building in an average situation:

e  Condition 1: Water level at the connected mesh node is greater than 0.05 m (including
the inlet offset).
e  Condition 2: Velocity in the incoming mesh conduits is greater than 0.2 m/s.

If the conditions were met, the inlet would open by 20 percent of the cross-section,
simulating a partially opened door or tilted window. A 20 percent value was assumed, and
the effect was subsequently analysed in the sensitivity analysis in Section 3.2.2 The Python
package PySWMM [47] was used to implement the control strategies in the simulation.

Three different scenarios were defined: (a) a reference scenario (conventional approach
where buildings are blocked out as obstacles); (b) an unconditional scenario (where all
inlets are permanently and fully open); and (c) a conditional scenario (where inlets are
managed by the control strategies). Each scenario was calculated for all three rainfall events.
The simulations were analysed with a focus on different metrics:

e  Stored volume and number of flooded structures: This section compared the number of
flooded structures and flood volume stored in the basements and garages. A structure
was considered to be affected when water entered the underground structure, and this
number was counted as the sum of all flooded structures. The stored flood volume
was calculated as the sum of the maximum water volume in each flooded structure
at the end of the event. Reference scenario (a) was ignored here, as there were no
underground structures and, therefore, no stored volume in any structure.

e Reduction in surface flooded area: A comparison of the surface flooded area was
performed for all three scenarios and all three events. An area was considered flooded
if the water level exceeded 0.05 m.

2.4. Sensitivity Analysis

To assess the modelling assumptions and the need for better building information,
two sensitivity analyses were conducted: one exploring the influence of the number and
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location of basement structures and the other examining the thresholds in the control
strategy. The first analysis involved varying the number of buildings with basements from
0 to 100 percent in 10 percent increments, including 747 underground structures. The
locations of these structures were considered using Monte Carlo simulations. The second
analysis focused on different threshold values for the water level and velocity and various
cross-section opening percentages. These analyses were performed in Python, utilising
reservoirs and openings representing basement windows in the study area, and were
conducted for the selected rainfall event on 30 July 2021, which had the highest rainfall
sum of the three events analysed.

3. Results and Discussion
3.1. Impact of Underground Structures
3.1.1. Stored Volume and the Number of Flooded Structures

It has been reported that surface flood areas decrease slightly when more water is
stored in underground structures, but as the stored volume is relatively small, the impact
on the surface flood conditions is also relatively small. To interpret the stored volume in
underground structures, it was necessary to distinguish between the (b) unconditional and
(c) conditional scenarios (Table 2). The reference scenario was not included in this compari-
son because there were no underground structures that could store water. In general, the
(c) conditional scenario is more realistic, as windows and doors are usually closed during
rain events. Between 423 m3 (1.3 percent of the total rainfall) on 4 August 2020 and 2539 m?
(2.3 percent of the total rainfall) on 30 July 2021 was stored in underground structures. The
difference between the conditional and unconditional scenarios was minimal. The events of
13 August 2020 (b: 1193 m3; ¢: 1134 m?) and 30 July 2021 (b: 2539 m?; c: 2378 m3) resulted
in a higher stored flood volume in the underground structures for the (b) unconditional
scenario, as in this scenario, all windows and doors were permanently open. In contrast,
the 4 August 2020 event (b: 423 m3; c: 441 m3) showed a slightly higher stored flood
volume in the underground structures for the (c) conditional scenario. This was the result
of the changed routing of the calculated surface runoff, which was influenced by each
open or closed window or door. The number of basements and garages affected, on the
other hand, resulted in a higher number of affected structures for all three events in the
case of the (b) unconditional scenario, which, as expected, proves that more underground
structures were affected when more windows and doors were open. Compared to the total
number of structures (211 underground structures were included), the number of flooded
structures ranged from 23 (4 August 2020, (c) conditional scenario) to 56 (30 July 2021,
(b) unconditional scenario).

Table 2. Max. stored flood volume (m?®) within the structures and number of flooded structures for
all three events for the unconditional (b) and the conditional (c) scenarios.

Max. stored volume within the underground structures (m?)

30 July 2021 13 August 2020 4 August 2020
(b) Unconditional scenario 2539 1193 423
(c) Conditional scenario 2378 1134 441
Number of flooded underground structures
30 July 2021 13 August 2020 4 August 2020
(b) Unconditional scenario 56 42 27
(c) Conditional scenario 48 36 23

3.1.2. Reduction of Flood Area on the Surface

Figure 4 illustrates the flood area with a water depth greater than 0.05 m at 10:35 pm,
and this represents the maximum flooded area. The results are shown for the 30 July 2021
event as an example, but the trend was the same for all three events. The (b) unconditional
scenario (light blue) had the least amount of flooded area (3.13 percent reduction compared
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with the reference scenario). The blue and dark blue areas show the additional flooded area
in the (c) conditional scenario (3.10 percent reduction) and the (a) reference scenario. The
(a) reference scenario represents the actual situation using the conventional approach of
“blocking-out”. Although the experimental setup of Pritsis et al. [33] showed a significant
influence of the storage effect of basements, this finding could not be demonstrated in
the modelling approach applied in this work. This could be because of the fact that
the experimental approach used an idealised structure, while the modelling approach
represented the buildings and openings as realistically as possible. The small change in
the flooded area between the different scenarios occurred because not all buildings are
affected in the realistic representation, and, additionally, it indicates the limited impact of
underground structures. All three events resulted in a smaller flooded area on the surface,
where more structures were flooded.

10,834.97 m2

£ 4 (c) Conditional scenario
0\ © I 10,837.85 m? B
)% (a) Reference scenario ¢
Bl 11,184.59 m2 '

Geoland Basemap Orthofoto

-

T Dl B

Figure 4. Overlaid flood area in the (a) reference scenario (dark blue), (b) unconditional scenario
(light blue), and (c) conditional scenario (blue) for the event on 30 July 2021.

However, the analysis also provides information regarding the question of whether
individual protective measures negatively affected adjacent structures. While specific
buildings and measures were not explicitly addressed in the results, the comparison
between the reference scenario (where water could not enter buildings because of protection
measures) and the conditional scenario (where water could enter buildings) suggested that
holistic protection measures generally had a negligible negative impact on surface flooding.
These findings are similar to those of a former study [36] that showed the marginal impact
of a building on the flow field of the flood plain when considering 3D indoor flooding
processes in one single-household building, as the volume inside the building is small
compared to the volume of the flood hydrograph. However, it is important to note that
changes in flow paths may lead to negative effects on specific buildings.

3.2. Sensitivity Analysis
3.2.1. Sensitivity Analysis of the Location and Number of Underground Structures

The sensitivity analysis showed the effect of the number of underground structures
on the stored flood volume, surface flood volume, and number of buildings affected. The
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median increased from 536 m3 to 4216 m3 for the total stored volume in the underground
structures (at the end of the analysed period) and decreased from 11,096 to 10,266 m? for
the maximum flood volume on the surface (during the simulation time) with an increase
in the number of placed underground structures from 10 to 90 percent. The two boxplots
show small variations among the 50 different scenarios for each number of underground
structures and a small number of outliers (Figure 5).
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Figure 5. Boxplot of the sensitivity analysis comparing the stored volume in the underground
structures (m?) and the flood volume on the surface for different percentages of randomly placed
underground structures.

Figure 5 shows large differences when considering the volume stored in underground
structures, leading to the conclusion that the stored flood volume is sensitive to the number
of underground structures. However, the maximum flood volume on the surface did not
change considerably (less than 10 percent compared to 0 to 100 percent). This fact again
proves the relatively small influence on the surface flood situation and, thus, additionally
confirms the previous results. The few outliers and the low variability of both the stored
volume and the surface flood volume for each percentage rate indicate that the simulation
results are less sensitive to the location of the underground structures.

However, as expected, the number of structures affected showed a clear increase with
each increase in the number of underground structures (Table 3). A building is considered
to be affected at the moment the water enters the building. This assumption leads to a
relatively large number of affected buildings, which, nevertheless, does not significantly
change the flood situation on the surface. The use of a database with information on
buildings and underground structures, therefore, has only a marginal influence on the flood
situation in the study area of Graz, but it can be helpful for a more realistic representation
of the study area and the simulated flood process.
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Table 3. Minimum, maximum, and median numbers of affected buildings for different percentages
of buildings with underground structures (US).

Percentage of Buildings

with US (%) Max. Number Min. Number Median
10 15 3 11
20 24 10 18
30 34 16 25
40 41 26 34
50 50 31 40
60 55 38 45
70 61 46 54
80 68 55 62
90 74 64 69
100 75 75 75

3.2.2. Manual Sensitivity Analysis of the Control Strategy Parameters

The control strategies define the water level (condition 1) and flow velocity (condi-
tion 2) needed for windows and doors to open (described in Section 2.3). The opening
conditions varied between the different percentages of the cross-section.

The second part of the sensitivity analysis (Table 4) showed that the change in water
level in condition 1 and the change in velocity in condition 2 were highly sensitive and led
to a relatively large change in the number of affected structures. This result suggests that
even small measures such as heightening (e.g., stairs) can be used to protect vulnerable
buildings. In contrast, changing the percentage of the partial opening of the inlet did not
affect the number of affected buildings. It is possible that this change will lead to changes in
the stored volume within the buildings; however, as the effect on surface flood conditions
is generally minimal, this can be neglected.

Table 4. Manual sensitivity analysis of the threshold values in the control strategy.

Water Level in Condition1  Affected Basements Affected Garages Sum
0.02m+0.2m/s 46 8 54
0.05m+0.2m/s 40 8 48
0.10m+0.2m/s 34 5 39

Velocity in condition 2 Affected basements Affected garages Sum
0.05m +0.05m/s 41 8 49
0.05m+0.2m/s 40 8 48
0.05m +0.5m/s 13 0 13
Percentage of opening (%) Affected basements Affected garages Sum
5 40 8 48
20 40 8 48
50 40 8 48
100 40 8 48

4. Conclusions

In reality, the flooding of buildings is quite common. Therefore, it is important
to investigate this aspect in modelling. In current flood models, buildings are usually
considered in terms of blocking-out, local elevation rise, or local roughness increase. The
objective of this study is to determine the impact of water ingress into buildings, particularly
underground building structures (e.g., basements and underground garages), integrated
into an existing 1D/2D model using 1D model elements (reservoirs and openings). In
modelling, one is always faced with the question of which processes are relevant to the
model and how they can be represented to get as close to reality as possible. In this context,
the results provide excellent indications of how underground structures should be dealt
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with in future modelling. The results show how the integration of such structures affects
flood behaviour in the model and allow conclusions to be drawn about protection measures,
data requirements, and deeper insights into flood modelling.

The results demonstrate the ability to model buildings, including underground struc-
tures that allow water ingress, using 1D model elements (storage and openings). This
new study approach represents a more realistic representation compared to state-of-the-art
techniques such as blocking-out the solid area, local elevation increase, or local increase in
solid area roughness. The results indicated a relatively small effect on the surface flooding
conditions, although some basements and underground garages were flooded. In the
model, however, an attempt was made to represent the openings as realistically as possible,
resulting in some structures not being flooded, even though there was water in that area.
The model also considered the distance between the opening and the ground. It should be
noted that these results apply only to a specific study area in Graz and may be different for
other study areas with more underground volume. Changing groundwater levels has also
not been considered and could potentially change the results for long-term consideration.
Furthermore, the situation could be improved by using a more accurate database that
requires fewer items to gain a better understanding in this context.

The results also indicate the influence of protection measures. On the one hand, the
different scenarios can be considered to comprise a scenario without protective measures
((c) conditional scenario) and a scenario where every building is protected ((a) reference
scenario). This comparison does not answer the question regarding individual protection
measures but rather shows that there are no major differences in the flood situation for
the entire study area. On the other hand, the sensitivity analysis of the parameters of the
control strategy proved the usefulness of even small protective measures, as the number
of affected buildings decreased significantly when the required water height or water
velocity at which the water could enter the building was increased. It should be noted that
these results were for the entire catchment area and may vary for individual buildings.
The study area in Graz also included only basements of single-family houses and a few
underground car parks. This situation could change when considering large underground
structures such as underground metro systems. Therefore, the results of this study refer to
the specific study site of Graz or similar catchments, but the modelling approach could be
applied to other urban catchments. It should also be noted that the interpretation could
be improved if measurement data or post-flood water levels inside the buildings were
available to adjust the model parameters and assumptions. Therefore, further analysis of
other urban catchment characteristics could provide a deeper understanding of this area.

Because of the high effort required to obtain the necessary data and the incorporation
of underground structures into the model, a high number of assumptions must be weighed
against the small change in the model that was achieved. Therefore, the integration of such
structures does not significantly benefit the model results. Despite the small influence on
surface water conditions and the high effort required to investigate the necessary data,
the integration of such structures can be useful for the application of damage functions.
This facilitates the identification of water depths within vulnerable buildings, which pro-
vides important additional information for estimating damage costs. This is particularly
important because buildings with underground structures are known to have increased
damage potential.
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