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ABSTRACT 

Floods in cities are a worrying phenomenon as cities concentrate a growing population and activity and are 

expected to increase in both intensity and frequency in the context of climate change. Flood management provided 

by public services relies especially on 2D models that do not consider the potential street-building exchanges, 

considering buildings to be waterproof. A new model is proposed to represent each building as a mass 

conservation law and an additional source term in the classical 2D shallow water equations. A synthetic test case, 

with a channel and 200 buildings, shows that the buildings lead to a reduction of both the discharge (30%) and 

the water depth (18%) peaks in the street and generate a lag time in their time evolution. The interest of the 

proposed model is highlighted on the modeling of the Richelieu district (Nîmes, France): street-building exchanges 

impact significantly (up to 0.6 m and 1 m/s) the street hydrodynamics. The water level modifications are 

generalized in the synthetic case whereas they are more localized in the real-world simulation. Moreover, the 

model simulates the building water depth allowing for the determination of the maximal level and the submersion 

duration. These new results pave the way to new information for flood damage analysis and operational 

management.  

1. INTRODUCTION 

Floods are among the most frequent and serious natural disasters and are expected to increase in both 

intensity and frequency due to climate change. According to the World Bank, 29% of the world 

population is at risk of a 100 years return period flood. By 2050, cities could concentrate 68% of the 

global population [23] and floods in urban areas are thus of major interest. 

 

 Public services are facing an increasing necessity for numerical models to simulate urban floods 

with accuracy. With the aim of developing and validating innovative numerical approaches, many 

experimental studies of urban flood processes have been performed over the last 15 years. These works 

cover urban flooding processes at various scales: from a single crossroad [15] or manhole [2], to a whole 

street with several inlet and overflow exchange structures [1] and finally to more global urban districts 

 
1 Corresponding author 
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[19, 22]. Experiments of urban districts are all based on a flooded street level where the flow invades 

the streets around the buildings and the building blocks [8]. Nevertheless, some advanced experiments 

consider additional flow paths such as the invasion of underground volumes (malls, metro, parking...) 

[10], the river flow over-topping towards an urban area [11], the rain falling directly on the roofs [3] or 

tsunami waves invading a coastal city [17].  

 

 To our best knowledge, few experiments consider water intrusion within buildings: [24] studies the 

intrusion effect of the hydrodynamic characteristic within the streets, [20] investigates the effect of the 

building opening on the resultant forces due to flooding. [14] provides lab experiments for a single 

building along a synthetic channel and a theoretical laws comparison for the discharge entering the 

building through one opening only similar to a door or a window. None of these works could however 

measure or even describe the discharge entering the buildings.  

 

 Classical practices for urban flood modeling consider the buildings as full or partial obstruction to 

the flow [18] but neglect in any case the street-building flow exchanges [21] although these exchanges 

can (i) create a flood retention within blocks and potential reduction of the peak discharge [9], (ii) 

produce secondary connection between streets through blocks and (iii) explain most part of the damage 

at the building scale [20, 4]. The lack of models to represent such phenomenon, coherent with an 

operational application, obliges, for classical approaches on risk management and characterization, to 

assume that the water level inside the building is the same as in the outside immediate neighboring area. 

 

 This paper presents a new modeling approach accounting for the street-building exchanges during 

a flood event and investigates the potentiality of such model for operational purposes. The model is 

presented in the first section while the second focuses on model evaluation in both synthetic and real 

like test cases. The last section proposes concluding remarks and perspectives. 

2. MODEL PRESENTATION 

The proposed model is based on a 2D representation of the flow within the streets coupled to a reservoir 

model to represent buildings (inspired form models with lockers); the coupling between the street and 

the building is represented by different openings. Each building can be connected to several openings 

pointing to different cells (representing the street). Conversely, a computational cell can be connected 

to several openings and buildings. The buildings are defined by their area 𝑆𝑏𝑢𝑖𝑙𝑑𝑖𝑛𝑔 and their bottom 

elevation 𝑧𝑏,𝑏𝑢𝑖𝑙𝑑𝑖𝑛𝑔; the geometry of each opening is rectangular (width: 𝑤𝑜𝑝𝑒𝑛𝑖𝑛𝑔). The evolution of 

the water depth within a building  ℎ𝑏𝑢𝑖𝑙𝑑𝑖𝑛𝑔 is represented with a storage law:  

  
𝑑ℎ𝑏𝑢𝑖𝑙𝑑𝑖𝑛𝑔

𝑑𝑡
=

∑ 𝑄𝑖𝑖∈𝑁

𝑆𝑏𝑢𝑖𝑙𝑑𝑖𝑛𝑔
 (1) 

where 𝑡 is the time,  𝑄𝑖 is the discharge through the opening 𝑖 and 𝑁 is the set of openings connected to 

the building. 

 

 Using a mass and momentum balance over a control volume within the street, the flows are modeled 

with the classical 2D shallow water equations: 
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] (2b) 

 

where 𝑥 and 𝑦 stand for the space coordinates, ℎ is the water depth, 𝑔 represents the gravitational 

acceleration, 𝑞 (resp. 𝑟) is the unit-discharge component in the 𝑥 (resp. 𝑦) direction. 𝑆0,𝑋 = 𝜕𝑧𝑏/𝜕𝑋 

(resp. 𝑆𝑓,𝑋) is the bottom (resp. energy line) slope in the 𝑋-direction (𝑋 = {𝑥, 𝑦}); 𝑧𝑏 is the bottom 

elevation (also denoted as 𝑧𝑏,𝑠𝑡𝑟𝑒𝑒𝑡 to avoid confusion with the building bottom elevation). 𝑆𝑓,𝑋 is 

classically estimated using the Strickler formulae: 
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 𝑆𝑓,𝑋 =
𝑢𝑋√𝑞2+𝑟2

𝐾𝑥
2ℎ7 3⁄  (3) 

where 𝐾𝑋 and uX are respectively the Strickler coefficient and the flow velocity in the 𝑋-direction. 

 

 In the shallow water equations, the additional source term 𝐁 is developed to account for local mass 

(first line of (2b)) and momentum balance (second and third lines of (2b)) modification in the street due 

to street-building exchanges.  

The unit-discharge 𝑞𝐵 is defined as: 

 𝑞𝑏 =
∑ 𝑄𝑖

𝑆
 (4) 

where S is the area of the volume of control. 𝛼𝑥 and 𝛼𝑦 account for the effect of the street-building 

exchanges on the momentum balance in the street:  

 𝛼𝑥 =
𝑞

ℎ
;  𝛼𝑦 =

𝑟

ℎ
 if 𝑞𝑏 > 0 (5a) 

 𝛼𝑥 = 𝛼𝑦 = 0 if 𝑞𝑏 ≤ 0 (5b) 

When 𝑞𝑏 > 0, the momentum in the volume of water leaving the street is taken out accordingly. 

Conversely, when 𝑞𝑏 < 0, immobile water (with thus no momentum) is added to the street. This leads 

to an unmodified momentum while reducing the flow velocity. 

 

 The opening discharge is estimated using a classical weir law based on the geometry and both 

hydrodynamics in the street and in the building (Figure 1) depending on the regime [5, 12]. 𝑧𝑠𝑡𝑟𝑒𝑒𝑡 and 

𝑧𝑏𝑢𝑖𝑙𝑑𝑖𝑛𝑔 define the upstream and the downstream sides of the weir: the upstream being the side for 

which the free surface elevation is the higher at the beginning of the timestep. 

 𝑄𝑖 = 𝐶𝑑𝑤𝑜𝑝𝑒𝑛𝑖𝑛𝑔√2𝑔ℎ1

3

2 if ℎ2 ≤  
2

3
ℎ1 (6a) 

 𝑄𝑖 =
3√3

2
𝐶𝑑𝑤𝑜𝑝𝑒𝑛𝑖𝑛𝑔√2𝑔ℎ2(ℎ1 − ℎ2)

1

2 if ℎ2 >  
2

3
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where ℎ1 = max(ℎ𝑤,𝑠𝑡𝑟𝑒𝑒𝑡; ℎ𝑤,𝑏𝑢𝑖𝑙𝑑𝑖𝑛𝑔) and ℎ2 = min(ℎ𝑤,𝑠𝑡𝑟𝑒𝑒𝑡; ℎ𝑤,𝑏𝑢𝑖𝑙𝑑𝑖𝑛𝑔) are respectively the 

water depth above the weir crest on the upstream and downstream side and 𝐶𝑑 is a discharge coefficient. 

The first (resp. second) line of (6) corresponds to the unsubmerged (resp. submerged) case. By 

convention, 𝑄𝑖 is positive when the street is filling up the building (𝑧𝑠𝑡𝑟𝑒𝑒𝑡 > 𝑧𝑏𝑢𝑖𝑙𝑑𝑖𝑛𝑔) and negative 

when the building is emptying (𝑧𝑠𝑡𝑟𝑒𝑒𝑡 < 𝑧𝑏𝑢𝑖𝑙𝑑𝑖𝑛𝑔). 

 

 
Figure 1: Schematic representation of the street-building exchanges in the transverse direction to the street axis. 

For the sake of clarity, the grey lines represent the building walls and roof but are currently not accounted in the 

street-building model. 

 

 The street-building exchanges model is implemented in the sw2d model2. Equations (1) and (2) are 

discretized using an explicit finite volume scheme. The source terms are solved using a classical time 

splitting method: the hyperbolic part of equation (2) and the bottom source terms are solved in a first 

time; the friction and building source terms are then calculated separately. 

3.  TEST CASES 

 
2 https://sw2d.inria.fr/ 
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The ability of the proposed model to represent the flood dynamics in both the street and the buildings is 

assessed against two test cases. The first case presents a synthetic configuration to evaluate the potential 

effect of accounting the street-building exchanges. The comparison is then performed on a real-like test 

case based on the 1988 flood in Nîmes (France). A validation against several analytical test cases has 

been realized in simple configurations but is not presented here for the sake of simplicity. 

3.1 Idealized street-building exchanges test case 

 Presentation of the synthetic test case 

The synthetic test case evaluates the effect of the street-building exchanges on the flood propagation in 

a simple 15 𝑚 width channel. An imposed hydrograph is injected at the upstream end (Figure 2). The 

channel is 5000 𝑚 long and the duration is long enough (30000 𝑠) to ensure that the flow reaches the 

end of the channel. The downstream boundary condition imposes a Froude number equal to 1. The 

channel (i.e. the street) is meshed using a 1D-like approach: the cell width is equal to the channel width 

and the longitudinal discretization is 𝑑𝑥 =  5 𝑚. Dry initial conditions and uniform Strickler coefficient 

are set (K =  40 𝑚1/3. s−1). 

 

 For the simulation with buildings, 200 identical idealized buildings are equally distributed along 

the channel (1 building every 10 𝑚 i.e. 1 building every 2 cells). Each building has a 100 𝑚² area. The 

first building is linked to the first cell (from 𝑥 =  0 to 5 𝑚) and the last one is connected to the cell 

number 399th located between 𝑥 =  1990 to 1995 𝑚. For the sake of simplicity, the same opening is 

used to connect each building to the corresponding cell. Classical dimensions for a door are used for the 

width 𝑤𝑜𝑝𝑒𝑛𝑖𝑛𝑔 = 0.9 𝑚. The bottom elevation is identical in the building and in the street (𝑧𝑏,𝑠𝑡𝑟𝑒𝑒𝑡 =

 𝑧𝑏,𝑏𝑢𝑖𝑙𝑑𝑖𝑛𝑔) and no step separate the building from the street (𝑧𝑤𝑒𝑖𝑟 =  𝑧𝑏,𝑠𝑡𝑟𝑒𝑒𝑡). An arbitrary but 

classical discharge coefficient 𝐶𝑑 = 0.42 is used. 

 Buildings effect in the street 

Figure 2a compares, at different locations, the discharge and the water level evolution in time with and 

without buildings. For both simulations, the maximal simulated variable (either street discharge or water 

depth) decreases along the street direction due to the natural flood spreading. For every location, 

accounting for the street-building exchanges lead to a reduction of both the maximal discharge and water 

level compared to the reference simulation without buildings. At 𝑥 = 2000 𝑚 (corresponding to the end 

of the buildings area), the reduction reaches 30% of the discharge and 18% for the water depth. 

Furthermore, the peaks of discharge and water depth are delayed for the simulation with buildings; the 

delay increases with the distance. At 𝑥 = 2000 m, the peak appears around 1000 𝑠 later for the 

discharge and 2500 𝑠 later for the water depth. Accounting for the buildings effect in a flood propagation 

model thus leads to a significant modification of the street hydrodynamics. Interestingly, after 16000 𝑠 

(end of the discharge injection at the inlet) the water levels and discharge curves converge and decrease 

slowly together, which can be related to the time for which the upstream discharge becomes nil. 

 

 Figure 2b presents the water depth along the street. The black and purple dotted lines correspond 

to the maximal water depth over the whole simulation with and without buildings. The water depths gap 

between the two simulations increases from the inlet to 𝑥 =  2000 𝑚 (corresponding to the end of the 

buildings area) and then decreases while going downstream. This highlights the cumulative effect of the 

buildings on the flood propagation. Figure 2b also shows the flowlines for the configuration with 

building at different times. For 𝑡 >  16000 𝑠 (end of the discharge injection at the inlet), the water 

levels are barely homogeneous for 𝑥 <  2000 𝑚. Indeed, the difference between the maximal and 

minimal water depths represents 8 𝑐𝑚 for 𝑡 =  16000 𝑠 and is reduced around 4 𝑐𝑚 for 𝑡 =  19000 𝑠. 

In the meantime, the velocity does not exceed 0.2 𝑚/𝑠. This phenomenon is due to the nil discharge at 

the upstream end that acts an impervious boundary for 𝑡 >  16000 𝑠. Moreover, at 19000 𝑠, the flow 

reaches the downstream end of the channel and thus the flow is influenced by the downstream boundary 

condition. The following analysis concerning the buildings are thus carried out for 𝑡 <  16000 𝑠, 

ensuring that the analysis is not influenced by the downstream boundary condition. 
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a b 
Figure 2: Comparison of the street hydrodynamics with and without buildings. a: Discharge and water depth at 

different locations; b: Water depth along the channel at different time t (reference: simulation without any 

building, max: maximum water depth). 

 Buildings water depth 

Figure 3a compares for several building the water depth evolution for 𝑡 <  16000 𝑠. The maximal 

water depth within the building reaches 1.2 𝑚 for the 1st building (close to the inlet) and is reduced to 

0.8 𝑚 for the last building. This reduction of the maximal water depth along the street axis is similar in 

the building and in the street (Figure 2b). The position of the building thus plays a significant role on 

the maximal water level reached during a flood event. Interestingly, the last building (building 200, x = 

1995 𝑚) has the steepest slope during its filling, which suggests the fastest filling speed. 

 

a b 
Figure 3: Characterization of the hydrodynamics inside buildings (legend: building number and position). a: 

Water level evolution in time; b: Building and street water depth ratio. 

 

 Each building is linked to a single computational cell. Thus, it is possible to calculate the ratio 𝑟(𝑡) 

of the water depth in the building and the street for the buildings for each (stored) computational time: 

  𝑟(𝑡) = ℎ𝑏𝑢𝑖𝑙𝑑𝑖𝑛𝑔(𝑡)/ℎ𝑠𝑡𝑟𝑒𝑒𝑡(𝑡) (7) 

When ℎ𝑠𝑡𝑟𝑒𝑒𝑡 = 0 or ℎ𝑏𝑢𝑖𝑑𝑙𝑖𝑛𝑔 = 0,  𝑟 is not computed. 𝑟̃𝑖 represents the 𝑖𝑡ℎ value of 𝑟̃, the sorted 

chronicle of r. Since the storing time is constant, 𝑖/𝑁 (N the number of values in the chronicle) 

corresponds to the percentage of simulation time the ratio is smaller than 𝑟̃𝑖. Figure 3b presents 𝑟̃ for 

some single openings for 𝑡 <  16000 𝑠. Considering the most left blue curve (building 1, 𝑥 =  5 𝑚), 

𝑟̃  = 0.8 for 𝑡 = 0.02; this indicates that the difference ℎ𝑠𝑡𝑟𝑒𝑒𝑡 − ℎ𝑏𝑢𝑖𝑙𝑑𝑖𝑛𝑔 is bigger than (1 − 0.8) ∗

ℎ𝑠𝑡𝑟𝑒𝑒𝑡 = 0.2 ∗ ℎ𝑠𝑡𝑟𝑒𝑒𝑡 only 2% of the plotted time (here 16000 𝑠). This difference appears to be 
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significant only 7% of the time which indicates that the street and buildings have mostly the same water 

depth: ℎ𝑏𝑢𝑖𝑙𝑑𝑖𝑛𝑔 = ℎ𝑠𝑡𝑟𝑒𝑒𝑡  93% of the time. The difference is significative only during the beginning of 

the simulation that corresponds to the filling of the buildings. This very low dephasing between the 

street and the building water depth highlights the high conveyance of the openings; smaller conveyance 

should lead to more significative differences between the street and the building. The global curve on 

Figure 3b represents 𝑟̃ based on the values of 𝑟(𝑡) for all the openings together. The spreading around 

the global curve indicates the variety of the building hydrodynamics around the district average 

hydrodynamics.  

3.2 Real configuration: Richelieu district in Nîmes, France 

 Richelieu description 

The city of Nîmes (France) has suffered from a significant flooding on the 3rd of October 1988 with a 

return-period estimated between 150 and 250 years [6]. The Richelieu district was particularly impacted 

with water depths of up to 3 𝑚 in the streets. The present study aims to assess the interest of the proposed 

street-building model; the comparison will focus on the street hydrodynamics and the characterization 

of the building flooding. 

 

 For the sake of simplicity and to reduce the simulation time, the computational domain is limited 

to a subpart of the Richelieu district limited by the streets Faïta, Sully and Semard (Figure 4a). In this 

zone, the streets network is rather simple with intersections with an angle of barely 90°. The average 

slope is oriented from North to South and reaches 1%. The simulation domain is included in the whole 

Nîmes modeling constructed by INRAE3 [16] that is thus used to provide the boundary conditions. 

 Modeling of the street networks 

The streets network is extracted from the BD TOPO® (2020-12-15) and the 5 𝑚 DEM of the Gard 

department from the RGE ALTI® (2020-02-13) both from the French National Geographical Institute. 

The mesh is built such as having one to three cells of the street width (Figure 4). 

 

 The hydraulics conditions modeled by INRAE at the limits of the considered domain are set as 

boundary conditions. Upstream, the discharge is injected either at the upstream end of streets Sully and 

Vincent Faïta or at the connection between the Vincent Faïta street and those coming from the North. 

At the peak of the flood, the total injected discharge is 176 𝑚3. 𝑠−1 with up to 92 𝑚3. 𝑠−1 in the Sully 

street and 47 𝑚3. 𝑠−1 in the Faïta street. At the downstream end, the free surface elevations computed 

by the INRAE modeling are imposed at the limits corresponding to an outlet street. They vary in the 

range of [0.46 𝑚 1.77 𝑚]. The simulation lasts 55000 𝑠. For the friction, as in the INRAE model, a 

uniform Strickler coefficient 𝐾 = 40 m1/3. s−1 is applied [13]. 

 Building data 

The building limits are defined from the BD TOPO® thus allowing to compute their area 𝑆𝑏𝑢𝑖𝑙𝑑𝑖𝑛𝑔. For 

the sake of simplicity and due to the lack of data regarding the connections between buildings, only the 

ones directly along the street network are considered. Each building bottom elevation 𝑧𝑏,𝑏𝑢𝑖𝑙𝑑𝑖𝑛𝑔 is 

computed as the mean elevation of the 5 𝑚 DEM from the RGE ALTI® within the building limits plus 

0.19 𝑚 to account for the door elevation (see next paragraph). With this approximation, 50% of the 

buildings are 0.19 𝑚 above the street bottom elevation. Over the range of the modeled buildings, the 

bottom elevation 𝑧𝑏,𝑏𝑢𝑖𝑙𝑑𝑖𝑛𝑔 − 𝑧𝑏,𝑠𝑡𝑟𝑒𝑒𝑡 lies in the range [−42 𝑐𝑚; 64 𝑐𝑚]. This suggests that for some 

buildings, the different rooms should have been modeled for a better representation of the storage 

capacity. 

 

 The INRAE field survey on doors and windows of the Catinat Street is used to characterize the 

modeled building openings. Based on 58 buildings (including 46 buildings in the simulated domain), 

the average dimensions have been determined (Table 1). The variability of the openings’ height, width 

and elevation above the street ground is quite important. For the sake of simplicity, the same opening 

 
3 ’Institut national de recherche pour l’agriculture, l’alimentation et l’environnement 
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elevation is considered corresponding to the average field height and elevation above the street ground 

(𝑧𝑤𝑒𝑖𝑟 −  𝑧𝑏,𝑠𝑡𝑟𝑒𝑒𝑡).  

Due to the lack of information on the precise location of the real openings, the assumption is used that 

each building wall (adjacent to the street) includes one single door and one single window. Each opening 

has the same weir height corresponding to the average dimension determined from the field survey. To 

account for the wall lengths variability, each opening width 𝑤′ is computed as: 

 𝑤′ =  𝐿𝑤𝑎𝑙𝑙 × 𝑛𝑜𝑝𝑒𝑛𝑖𝑛𝑔 × 𝑤𝑜𝑝𝑒𝑛𝑖𝑛𝑔 (8) 

where 𝐿𝑤𝑎𝑙𝑙 is the length of the wall of the building adjacent to the street; 𝑛𝑜𝑝𝑒𝑛𝑖𝑛𝑔 and 𝑤𝑜𝑝𝑒𝑛𝑖𝑛𝑔 are 

the mean number of openings per building façade length and the mean opening width that has been 

estimated thanks to the field survey as defined in Table 1.  

 

 width (m) 

𝑤𝑜𝑝𝑒𝑛𝑖𝑛𝑔 

weir height (m) 

𝑧𝑤𝑒𝑖𝑟 −  𝑧𝑏,𝑠𝑡𝑟𝑒𝑒𝑡 

Number of openings per unit length (m-1) 

𝑛𝑜𝑝𝑒𝑛𝑖𝑛𝑔 

Window 1.10 + −0.38 1.12 + − 0.27 0.12 + −0.10 

Door 1.05 + −0.26 0.19 + − 0.13 0.07 + −0.08 

Table 1:  Mean dimensions (+- standard deviation) for openings from the field survey (Nîmes, France) 

 Effects of buildings on the streets water depth 

Simulations without and with buildings are run; variables with subscript ℎ𝑏𝑢𝑖𝑙𝑑𝑖𝑛𝑔 (resp. ℎ𝑟𝑒𝑓) 

correspond to the simulation with (resp. without) buildings. Figure 4a compares the maximal water 

depths in the two simulations: max(ℎ𝑏𝑢𝑖𝑙𝑑𝑖𝑛𝑔) − max(ℎ𝑟𝑒𝑓). The difference of the maximal computed 

water depths is in the range [−0.4 𝑚; 0.6 𝑚] highlighting that the street-building exchanges can be 

important to characterize the flood risk within the streets. The buildings lead to a reduction (right cells 

on Figure 4a) of the maximal water depth in the upstream (V. Faïta and Sully) streets and an increase 

(blue cells on Figure 4a) in the North-South streets and around the crossroad between the streets 

Richelieu and Catinat. This might suggest that the buildings modify the discharge partition between the 

inside of the district and the surrounding streets. 

 

 Figure 4b compares the maximum difference of the water depth at each time: max(ℎ𝑏𝑢𝑖𝑙𝑑𝑖𝑛𝑔 −

ℎ𝑟𝑒𝑓). Over the flood duration, the difference between the simulated water depth is in the range 

[−0.6 𝑚; 0.8 𝑚] which is bigger than the difference on the maximal water depth. This indicates that the 

maximal differences are not reached at the flood peak but rather during the rising or the falling limb. 

The distribution of the differences between the maximal value and the maximal difference along the 

simulation are globally coherent even if some inversions can be identified (see for instance the western 

part of the Richelieu street). Moreover, during the simulation, some significant differences occur while 

the maximal value are identical in both simulations (see for instance the P. Semard street).  

 

 Similar analysis on the norm of the velocity vector (not presented here for the sake of concision) 

highlight that the modelled velocity differs up to 1.3 𝑚/𝑠; either positively or negatively. The 

comparison of both simulations highlights that the hydrodynamics can be significantly modified while 

accounting for the street-building exchanges.  
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a 

b 
Figure 4: Comparison of the water depth computed in the streets with and without buildings. a: Difference of 

the maximal water depth (max(ℎ𝑏𝑢𝑖𝑙𝑑𝑖𝑛𝑔)  −  max(ℎ𝑟𝑒𝑓)); b: Maximal difference (max(ℎ𝑏𝑢𝑖𝑙𝑑𝑖𝑛𝑔 − ℎ𝑟𝑒𝑓). 

 Maximal water depth distribution 

The maximal water depths simulated in the buildings and in the streets are presented in Figure 5. The 

maximal water depth is up to 3.5 𝑚 which is coherent with what is known from the 1988 event. The 

North area is the most impacted. 9 over 438 simulated buildings are not flooded over the whole event 

(water depth = 0 𝑚). The maximal water depth pattern in the buildings is globally coherent with the 

street distribution. However, significant differences can be highlighted for some buildings which might 

be explained by the gap between the bottom elevation of the building and the corresponding street (see 

section 3.2.3). The classical approach assuming the maximal water level in the building corresponds to 

the maximal free surface elevation [7] appears here to be valid.  
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Figure 5: Maximal water depth in the streets and in the buildings. 

 Buildings water depths evolution 

Each opening is associated to a surface elevation in the street and in the building. d(t) represents the 

surface elevation difference between both:  

  𝑑(𝑡) = 𝑧𝑠𝑡𝑟𝑒𝑒𝑡(𝑡) − 𝑧𝑏𝑢𝑖𝑙𝑑𝑖𝑛𝑔(𝑡) (9) 

Figure 6a shows the surface elevation difference for two openings in red and blue that reach the 

extremum values: the blue line achieves the maximum difference during the simulation and the red one 

the minimum. For the red line, 50% of the time the surface elevation in the building is greater than 

0.5 𝑚 above the one in the street. The blue line shows that the surface elevations are equals 15% of the 

time and for the rest, the surface elevation in the street is higher than the one in the building. These 

variable tendencies are possible because a building can have several openings connected to different 

mesh of the street, each mesh having its own bottom elevations. Thus, the results depend on the opening 

through which the surface elevations are observed (a building can be filled more quickly than it is 

drained and conversely) and on the bottom elevation difference of the building and the associated mesh. 

The bold black curve represents d for all the 1302 openings together. 60% of the time, the difference is 

nil, which means that the surface elevation of the building and the street are equals. The rest of the time 

is equally divided between the two possible cases: either the surface elevation in the street is above the 

one in the building and conversely. The maximum value is up to 1.16 𝑚 and the minimum reaches -

0.76 𝑚.  

 

 Figure 6b presents the cumulative curve of the submersion duration over the modelled buildings. 

A building is considered as flooded when the simulated water depth is positive. Interestingly, only a few 

buildings (26 over the 438 simulated buildings) are flooded for less than 6 ℎ and 50% of the buildings 

are flooded for more than 10 ℎ. The spatial distribution of the duration should be characterized and 

related to the street geometry and building parameters and especially the location within the district (i.e. 

the vicinity to the inlet) and the number and conveyance of the openings. Moreover, except for the gap 

from 10 to 12 ℎ, the trend appears to be quite similar. Further study should be investigated and try to 

confirm this particular feature. 
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a b 
Figure 6: Contributions of the model for economic perspectives. a: Building and street water surface elevation 

difference (m); b: Submersion duration (h). 

4. CONCLUSION 

Numerical models are frequently used to characterize and forecast flood impact especially in urban 

areas. In classical 2D approaches, the street-building exchanges remains neglected despite evidences 

from flood event feedbacks. The present paper proposes a new 2D modelling approach allowing to 

consider the exchanges between street and building during urban flood. Building water depth is modeled 

using a classical mass conservation law while opening discharge is represented with a weir law. This 

new model enables to compute both the street hydrodynamics using the 2D shallow water equations and 

the water depth evolution in buildings.  

 

 This model is validated against both an idealized urban test case and a real-world configuration 

representing the Richelieu district (Nîmes, France). Comparing the results with and without buildings 

allow to highlight their effect on the street flow. Accounting for the street-building exchanges lead to a 

significant modification of the street hydrodynamics. Over the range of the tested configurations, the 

street water is either increase or decrease of up to 60 𝑐𝑚. Subsequently, the flow velocity norm is 

modified of 1 𝑚/𝑠. Interestingly, the street depth modification is generalized in the idealized test case 

and more localized in the real-world simulation. These configuration-dependent effects pave the way to 

a wider study to be able to predict in which configuration the street-building exchanges play a significant 

role.  

 

 In the buildings, the modelling of the water depth evolution provides a new valuable information. 

Over the range of the tested configurations, several building patterns have been identified. In the 

idealized test case, the building water depth followed closely the street evolution highlighting the 

importance of the opening conveyance. In the Richelieu district simulation, the variability of the building 

flooding duration shows the interest of the proposed model to better characterize the flood impacts on 

the buildings and thus the potential damages. Moreover, the comparison of the free surface elevation in 

both the building and the linked street highlights significant differences (either positive or negative) 

occurring up to 60% of the flood duration. This information on the building dynamics might be of prime 

interest for flood damages and safety study.  

 

 The present work provides a relevant tool to better study the influence of the street-building 

exchange during an urban flood event. This preliminary work should be deepened by a sensitivity 

analysis on the discharge computation. Indeed, the present analysis is based on a simple weir law that 

might not be representative for some configurations highlighted in the real-world test case for which the 

free surface elevation reaches the top of the opening. The sensitivity analysis should also focus on the 

parameters of the opening laws. The Richelieu test case also pointed out the problematic of the 

representation of the buildings. The available data concerning the topography within the building 
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(bottom elevation, room organization and connectivity) is currently not available at a large scale. The 

sensitivity of the results to this information should also be investigated, either to state in which measure 

they can be roughly described or to identify a requirement of new types of data. Finally, an 

interdisciplinary study on flood damages and safety estimation can be based on the proposed model.  
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