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Abstract
The paper concerns numerical simulation of rapidly varied water flow resulting from flash
flood propagation in a built-up floodplain. As the mathematical model of free surface un-
steady water flow, the shallow water equations are assumed. In order to solve the equations,
a numerical scheme of finite volume method is applied. For approximation of mass and
momentum fluxes, the Roe method is used. Two methods of built-up area representation in
a numerical model are presented in the paper – exclusion of the buildings from the numerical
mesh of flow area and substitution of the buildings with high friction zones. In order to
assess the quality of the numerical results obtained using both methods, the flow in the
model city area with the building group representing a simplified town configuration was
simulated. The numerical results were examined against the experimental data available due
to laboratory depth measurements. The experiment of model city flooding was carried out
in the hydraulic laboratory of Gdańsk University of Technology. Finally, the influence of the
type of the boundary conditions imposed on building walls on simulation results is studied.

Key words: numerical simulation, flash flooding, urban inundation, built-up area represen-
tation, building wall boundary condition

1. Introduction

The mathematical modelling of inundations in built-up areas is the main tool for
assessment of risks in a city which can be affected by flash flood. The numerical
calculations are usually performed to predict and analyze the parameters of catas-
trophic flow. Then, the predicted flow parameters (water depth and velocity) can be
used to estimate the flood influence on city infrastructure and citizens security.

The complexity of mathematical models used by water engineers for modelling
of different flood problems varies from one-dimensional Bernoulli steady flow equa-
tion, to two-dimensional shallow water flow equations. For urban flash flood mod-
elling, the latter is usually used. There are several techniques that can be applied
for representation of buildings in two-dimensional shallow water flow modelling.
The choice depends on the ratio of dimensions of flow area and area covered by
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the buildings. If the distances between separated buildings are close to the lengths
of building walls, the built-up area can simply be excluded from numerical mesh of
flow area. In such a case, the building walls form the closed boundaries of the com-
putational domain. However, if the spaces between buildings (streets for example)
are significantly smaller than the dimensions of the whole flow area, generation of
the proper mesh is often impossible due to high disproportion in mesh elements size
inside and outside the built-up area. Therefore, the explicit exclusion of the build-
ings from the numerical mesh is not possible and they have to be embedded into
simulation as the sub-grid effect. The simplest approach consists of representation
of built-up areas as zones of reduced hydraulic conductivity. This can be ensured
with the high bed friction increasing flow resistance due to the buildings’ presence.
This technique is often used in water engineering for large scale flood modelling
(Szydłowski and Magnuszewski 2007). Another type of urban area representation
method is the concept of urban porosity. Shallow water flow equations with porosity
were first introduced and implemented in urban flooding simulation by Defina et al
(1994) and were later modified by Hervouet et al (2000). Recently this approach for
urban flood modelling has been investigated by Guinot and Soares-Frazao (2006)
and Soares-Frazao et al (2008). The idea of urban porosity due to the presence of
buildings and other structures in the floodplain is similar to the description of flow
in a porous medium. In this technique, the permeability of the built-up area has
to be defined. The introduction of a porosity concept leads to modified mass and
momentum equations in the shallow water flow model. Both methods – increased
bottom friction and urban porosity techniques – are usually applied for large scale
flood problems providing only averaged characteristics of water flow in a built-up
area. Therefore, the local flow effects between buildings are not investigated using
these techniques. In this paper, the numerical experiment on urban flash flooding
modelling with high friction technique for a small scale problem is presented. The
results were examined against measurements and numerical simulations based on
buildings exclusion technique.

The buildings representation employing the technique of exclusion of areas
covered by buildings’ necessitates defining the boundary conditions on the solid
buildings walls. Two types of closed boundary conditions can be imposed on the
walls in the simulations – no-slip boundaries with zero velocity vector and free-slip
boundaries with the normal to the wall component of velocity as well as a derivative
of tangential one in the same direction equal to zero. The influence of the condition
type on numerical results is investigated in the paper.

2. Mathematical Model of Free Surface Water Flow and Solution Method

The flood wave propagation is a three-dimensional time dependent, incompressible,
fluid dynamics problem with a free surface. It can be described using Navier-Stokes
equations (Prosnak 2006). Unfortunately, due to the complexity data needed to
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perform computations and insufficient computer power, this model cannot be applied
to simulate the flood inundations in built-up areas. The model most widely used
to simulate flood propagation is a system of shallow water equations (SWE). It
can be obtained from the Navier-Stokes model using a depth averaging procedure,
assuming hydrostatic pressure and uniform velocity distribution along water depth
(Szymkiewicz 2000). The SWE model can be presented in conservative form as
(Abbott 1979):

∂U
∂ t
+
∂E
∂ x
+
∂G
∂ y
+ S = 0, (1)

where

U =

 h
uh
vh

 , S =


0

−gh
(
Sox − S f x

)
−gh
(
Soy − S f y

)
 , (2a, b)

E =

 uh
u2h + 0.5gh2

uvh

 , G =

 vh
uvh

v2h + 0.5gh2

 . (2c, d)

In the system (1,2) h represents water depth, u and v are the depth-averaged
horizontal components of velocity, Sox and Soy denote the bed slope terms, S f x and
S f y are the bottom friction terms, defined by the Manning formula for example, and
g is the acceleration due to gravity. The equation (1) can be presented in another
vector form as (LeVeque 2002)

∂U
∂ t
+ ∇F + S = 0, (3)

where, assuming a unit vector n = (nx, ny)T, the vector F is defined as Fn = Enx +

Gny. In order to integrate the SWE in space using the finite volume method, the
domain of solution has to be discretized into a set of cells – triangular for instance
(Fig. 1).

Fig. 1. FVM discretization of the calculation domain
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After integration and substitution of integrals by corresponding sums, equation
(3) can be rewritten as

∂Ui

∂ t
∆Ai +

3∑
r=1

(Frnr) ∆Lr+

3∑
r=1

Sr∆Ar = 0, (4)

where Fr is the numerical flux and ∆Lr represents the cell-interface length. Sr
and ∆Ar are the components of source terms and area of cell i assigned to rth

cell-interface.
In order to calculate the fluxes Fr the Roe (1981) scheme is used. A detailed de-

scription of the method is available in the literature (LeVeque 2002, Toro 1997) and
is omitted here. For the source term vector S computation, the splitting technique
with respect to the physical processes is applied. Then, equation (4) is integrated in
time using the two-step explicit scheme of finite difference method (Potter 1982).
The numerical solution technique was prepared by the author and was tested for
numerous simulations of flow in urban areas (Szydłowski 2007).

The model is used here to investigate the influence of the type of buildings-repre-
sentation technique and the kind of boundary conditions imposed on the buildings’
walls on the quality of the numerical simulation results. If the buildings are treated
as separate constructions they can be excluded from the calculation domain and the
buildings’ walls fit exactly with numerical mesh edges. In such a case the walls
are solid boundaries of the flow domain, where the proper boundary condition is
needed to solve the SWE. Two types of closed boundary conditions can be imposed
here – no-slip boundary condition or free-slip condition. Both of them impose the
restriction to the normal to the boundary component of the velocity vector Vn, which
has to be equal to zero. If the no-slip boundary condition is imposed, the second
velocity component Vs (tangential to the boundary) is also equal to zero, which
is according to the kinematic condition (Sawicki 1998). However, if the free-slip
condition is going to be imposed in the numerical solution, the tangential velocity
component Vs has not to be zero, but only its derivative in normal direction to the
boundary should be equal to zero. The schematic representation of both types of
boundary conditions on the building wall is presented in Fig. 2.

Fig. 2. The types of boundary condition on the building wall
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3. Laboratory Experiment

In order to carry out the experiment on urban flash flooding, the hydraulic test stand
was prepared (Fig. 3). The stand was built in the hydraulic laboratory of Gdańsk
University of Technology (Szydłowski 2007).

Fig. 3. General view of hydraulic test stand

It is composed of the reservoir (3.0 m length, 3.5 m width) and the horizontal
flat plate (3.75 m length, 3.0 m width). The schematic geometry of the flow area
is presented in Fig. 4.

Fig. 4. Geometry of flow area and sensors location

The plate is separated from the reservoir by a solid masonry wall of 0.12 m
width. Three other boundaries of the plate are open. The wall contains a 0.5 m wide
rectangular breach, which is initially closed by a gate. The gate can be suddenly and
fully opened (0.1 s). The gate opening process is automatic. The Manning friction
coefficient of the plate and reservoir bottom was estimated as n = 0.018 m−1/3s.

During experiment the depth variation was measured at several control points
shown in Fig. 4. In order to make the measurements, eight pressure sensors were
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installed under the plate. The sensors were used to read the water depth at different
positions as a function of time. The measurements were recorded and stored using
a personal computer (PC). Then, the database of measurements could be used to
verify the computation.

In order to simulate the flood in a built-up area, models of buildings were in-
stalled on the plate. They were built using cubes of 0.1 m side. A few configurations
of building layout were investigated during the laboratory research. In this paper,
only one test case is presented – the flow in unstructured buildings-configuration.
In this test, the streets have formed a complex system of open channels bounded
by the solid walls of model buildings (Figs. 5 and 6).

Fig. 5. Built-up area configuration and example of flow structure

Initially, there was no water on the built-up plate and the reservoir was filled up
to 0.21 m above the plate level. After filling the reservoir with water, the hydrostatic
state was achieved using the pipe weir installed in the bottom of the test stand. On
opening the gate, the water was released and the built-up plate area was flooded.
The experiment was repeated three times and then the time series of water depth
variation were averaged. Two tests were investigated: unsteady flow due to reservoir
emptying and steady flow with constant reservoir supply, controlled using the weir.

4. Numerical Experiments

First, the unsteady flow in built-up area was simulated excluding the buildings
from the calculation domain. In order to carry out this numerical experiment, the
calculation domain was covered by an unstructured triangular mesh composed of
13787 computational cells (Fig. 6). The mesh used in the numerical simulation was
locally refined between buildings to better represent the complex structure of flow
in the city area. The size of computational cells around each building was about
0.02 m, increasing to 0.15 m near the boundaries of flow area.

The boundary conditions were imposed in accordance with experiment. The
reservoir walls were treated as closed boundaries. At the open boundaries of the
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Fig. 6. City configuration and part of numerical mesh

Fig. 7. Computed water depth after t = 10 s of simulation (the buildings excluded from flow
area)

floodplain the free outflow condition was imposed. The areas occupied by the
buildings were excluded from the flow domain, and the free slip boundaries were
located at the buildings’ edges. The calculation was carried out with the time step
∆t = 0.001 s. The total simulation time was equal to 20 s.

The flood zone evolution in built-up area can be analysed using results of numer-
ical simulations presented in Figs. 7 and 8. In the former, the example distribution of
computed water depth after 10 seconds of numerical simulation is presented. In the
latter, the evolution of water depth in time at the control points is presented. After
reaching the urban area, the water level swelling can be observed upstream from the
first row of buildings. The flood wave reflects there against the buildings resulting
in the formation of hydraulic jump. Then, the water flows along the streets. The
local water surface swellings can be observed at the corners of buildings’ frontages
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Fig. 8. Depth variation at the control points: (+ +) measured, (—-) calculated using buildings
exclusion technique and free-slip boundary condition, (••) calculated using buildings high
friction technique, (– –) calculated using buildings exclusion technique and no-slip boundary

condition
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(Fig. 7). The depth decrease, related to the flow acceleration, appears at some cross
section constrictions.

The comparison between calculated (solid line) and measured (crosses) depth
variations at the control points is shown in Fig. 8. Agreement of the results is
satisfactory, however the calculated water depth at the points inside the urban area
is generally slightly underestimated. This could be the result of insufficient friction
representation in the water flow mathematical model, in which only the bottom
friction is incorporated but building walls friction is neglected.

In order to test the technique of high friction representation of buildings in
urban areas, the numerical experiment was carried out once again. This time, the
buildings were incorporated in the calculation domain but in the built-up areas, the
Manning friction coefficient was equal to n = 0.5 m−1/3s. The flow area was covered
by an unstructured triangular mesh composed of 15478 computational cells, filling
the flow and buildings areas. The other numerical parameters of the simulation were
the same as before.

Fig. 9. Computed water depth after t = 10 s of simulation (the buildings represented with
high friction

The distribution of computed water depth after 10 seconds of numerical simu-
lation is presented in Fig. 9. Generally, the shape of the water surface outside the
buildings is similar to the previously computed one. The swellings can be observed
at the front of buildings, however they are shifted downstream. This time, the water
is stored in the buildings but the simulated complex flow structure in the streets
is realistic, meaning it is comparable to the first calculation carried out with the
excluded buildings. The depth variation computed with high friction technique is
presented in Fig. 8 (dots). The depth at the control points is underestimated in
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relation to the measurements (crosses) and first computation (solid line) as a re-
sult of water storage inside the buildings. It can be concluded that generally the
results obtained using the high friction technique for buildings representation are
in accordance with depth measurements and simulation of flow in built-up area
with buildings excluded from the calculation domain. The computed results differ
from each other in details but general characteristics of flow in urban areas can be
successfully simulated without exact representation of city structure in the numerical
mesh.

As mentioned before, when the first calculation was presented, the computed wa-
ter depth inside the built-up area was underestimated in relation to the observations
recorded at the control points. This first simulation was realized with the buildings
directly excluded from flow area. Moreover, the free slip boundary condition was
imposed on the solid buildings walls. This kind of boundary condition makes the
velocity different from zero at the wall. The velocity vector contains here one non
zero component – tangential to the wall one.

This kind of solid wall closed boundary condition is usually used in simulation
of two dimensional free surface flow, reducing the influence of the wall on the
horizontal velocity structure. Considering the flash flow between buildings, it is
clear that the influence of walls on the flow should not be neglected. The friction
can be observed at the walls’ surfaces. The friction reduces the velocity in the
vicinity of buildings’ walls. In this paper, it is proposed to replace the free-slip
boundary condition on the solid buildings’ walls with the no-slip boundary con-
dition, which means to reduce the tangential velocity at the wall surface to zero.
In order to investigate the influence of the changed boundary condition, the first
numerical experiment was repeated once again. All numerical parameters except for
the boundary condition were kept as before. The depth variation at the control points
computed with no-slip boundary condition imposed in this solution is presented in
Fig. 8. It can be seen that for this unsteady flow episode, the computed water depth
(dash line) is generally higher than before (solid line) and the agreement with the
measurements (crosses) is better for the majority of control points located inside
the built-up area.

In order to verify the influence of the kind of boundary condition on the quality
of computation, the steady flow experiment was carried out. For the laboratory
experiment, the same hydraulic test stand and buildings configuration were used as
before. In order to ensure a constant water discharge through the built-up area, the
gate was fully open during the experiment. The discharge was controlled by the
Thompson weir installed at the reservoir inflow section and was equal to 43.56 l/s.
During experiment the depth was measured at the same control points as before.
After about 30 seconds from the gate opening, steady flow was observed.

For numerical calculation, the same numerical mesh as in the first simulation
was used. The boundary conditions were imposed in accordance with experiment.
Two side walls of the reservoir were treated as closed boundaries. Additionally, the
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Fig. 10. Steady state velocity field around one of the buildings: calculated using free-slip
boundary condition (top) and calculated using no-slip boundary condition (bottom)

reservoir was supplied with constant discharge through the inflow section (weir).
At the open boundaries of the plate, the free outflow condition was imposed. As
the initial condition, the hydrostatic state was assumed. The areas covered with
buildings were excluded from the calculation domain. The flow in built-up area
was simulated two times. First, calculation was carried out imposing the free-slip
boundary condition at the buildings walls, then the no-slip boundary condition
was used in the simulation. The calculations were carried out with the time step
∆t = 0.001 s. The total simulation time was equal to 60 s.

In order to present the influence of the type of solid wall closed boundary
condition on the simulation results, the velocity field around one of the buildings is
shown in Fig. 10. A difference can be seen between the calculated flow patterns. If
the no-slip boundary condition (bottom picture) is used, the velocity near the wall
is reduced in relation to the computation with free-slip boundary condition (top
picture). In general, the discrepancy in the simulated velocity using both types of
boundary condition with decreases distance from the building wall. The velocity
decrease is related to the modification of calculated depth. The depth increases
in the zones between the buildings. The comparison between depth measurements
and results of both calculations for a 30 second period of steady flow is presented
in Fig. 11. It can be seen that the depth calculated using the no-slip boundary
condition (dash line) better fits the measurements (crosses) for the majority of the
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Fig. 11. Depth at the control points: (+ +) measured, (—-) calculated using free-slip
boundary condition, (– –) calculated using no-slip boundary condition

control points located between buildings than depth simulated imposing free-slip
boundary condition (solid line).
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The average values of measured depth are presented alongside calculation re-
sults in Table 1. It can be seen that almost all calculated results are underestimated
regardless of the type of solid wall closed boundary condition imposed in the
simulation. However, the difference between results obtained using no-slip bound-
ary condition and measurements is smaller than for the other kind of boundary
condition. Moreover, when the no-slip boundary condition is imposed, the depth
discrepancy is close to the measurements deviation.

Table 1. Water depth measured and computed at the control points

Control point A1 A2 A3 A4 A5 A6 A7 A8
measurement

Hm [cm]
8.3 ± 0.6 5.0 ± 0.2 4.8 ± 0.2 4.7 ± 0.3 5.3 ± 0.3 5.2 ± 0.1 3.2 ± 0.1 4.1 ± 0.2

calculation using
free-slip boundary 8,0 4.1 4.2 3.6 4.5 4.6 2.4 3.7

Hs [cm]
∆Hs = Hs − Hm −0.3 –0.9 –0.6 –1.1 –0.8 –0.6 –0.8 –0.4
calculation using
no-slip boundary 8.1 4.4 4.7 4.3 4.9 5.0 3.5 3.8

Hc [cm]
∆Hc = Hc − Hm –0.2 –0.6 –0.1 –0.4 –0.4 –0.2 +0.3 –0.3

5. Conclusions

The results of preliminary research on the calculation techniques used for building
representation in numerical simulation of urban flash flooding was presented in the
paper. The following conclusions can be drawn.

1. The shallow water equations can be successfully used for modeling the flash
flow in built-up areas.

2. Two techniques of buildings representation were investigated in the research
– exclusion of the buildings from flow area and substitution of the buildings
with zones of high friction. The former ensures good quality of computational
results, verified using the laboratory depth measurements, and provides detailed
information about rapidly varied flow structure between buildings. The latter,
simplified method of building representation ensures a proper but only a general
view of flow in built-up areas. However, it seems that it can be successfully used
as well for large and small scale urban flood simulations, simplifying the process
of mesh generation in built-up areas. This technique can also be implemented
for urban inundation simulation with the effect of water storage inside buildings.

3. If the buildings are excluded from flow area in the flow simulation, two types
of boundary condition can be implemented on the closed solid walls – free-slip
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boundary or no-slip boundary. When the first kind of boundary condition was
imposed in the simulation, a significant underestimation of computed depth
was observed for steady and unsteady flow. This could be due to incomplete
friction representation in flow modelling. When the second type of boundary
condition was used in computation, better results were obtained. It seems that
the no-slip boundary condition can approximate wall friction, improving the
quality of numerical simulations of flash floods in urban areas.
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