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Flood impact on masonry buildings: the effect of flow
characteristics and incidence angle

Matteo Postacchinia,∗, Gianluca Zittia, Ersilia Giordanoa, Francesco
Clementia, Giovanna Darvinia, Stefano Lencia

aDepartment of ICEA, Università Politecnica delle Marche, Ancona, Italy

Abstract

Climate change and the raising number of extreme events, such as severe floods,
has increased the attention on their effects on urban systems. Urban floods gen-
erate important hydrodynamic loads on building and this work proposes a first
systematic study on the actions generated by floods with different characteris-
tics (depth, velocity and incidence angle) on masonry buildings. The study is
carried out with experimental tests reproducing a masonry bay with scale 1:10,
while the effect of the flow hitting the building has been obtained by moving
the building in the water at rest. The pressure generated by the fluid at the
four walls of the building was recorded using pressure transducers. It has been
found that the overpressure acting on the building depends on the flow charac-
teristics in different manner for the frontal, lateral and rear walls. Further, the
incidence angle plays a major role in the generation of a pressure gradient along
the impacted wall, and significantly affects both peak frequency and spectral
energy. Use of theoretical models suggests that (i) the drag coefficient of the
building decreases with the Froude number, and only slightly depends on the
incidence angle, and (ii) the blocking effect largely affects the hydrodynamics
around the structure.

Keywords: urban floods, flow-building interaction, laboratory experiments,
flow-incidence angle, hydrodynamics, drag coefficient

1. Introduction

In the last decades, climate changes are significantly increasing the risk of
flood and inundation, which, in turn, provide uncertainties in the traditional
decision frameworks and management actions (e.g., see Poff et al., 2016). This
picture is likely to occur in both coastal and riverine environments (e.g., Ranas-5

inghe et al., 2013; Villatoro et al., 2014; Arnell and Gosling, 2016). In particular,
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overbuilding in the proximity of rivers and coasts has increased the flood haz-
ard, since flood-prone areas are more attractive for both people/inhabitants and
socioeconomic activities (e.g., de Moel et al., 2009; Braun and Aßheuer, 2011).
Some urban areas have already experienced tragic events, like those recently10

occurred, among others, in Europe (Raynaud et al., 2015; Faccini et al., 2016;
Bernardini et al., 2017), Asia (Duy et al., 2017; Halgamuge and Nirmalathas,
2017), America (Saharia et al., 2017). However, such floods are characterized
by large uncertainties, due to the significant variations in the statistics of rain-
fall (or other hydrological variables) at regional and sub-regional scales (e.g.,15

see Kundzewicz et al., 2014; Soldini and Darvini, 2017). Urban floods are also
related to the manipulation of natural watersheds. Human activities, like culti-
vation, irrigation, deforestation or urban construction, can alter the catchment
response to precipitation and largely contribute to runoff change (e.g., Memmola
and Darvini, 2018).20

A key aspect of the hazard management is the assessment of the damage,
which is usually related to the flood characteristics by means of damage curves
(Pistrika and Jonkman, 2010; Pistrika et al., 2014; Huizinga et al., 2017; Lee
and Kim, 2018). Such curves take into account both water depth and velocity,
and are site-dependent, because of the lack of knowledge on effects of the build-25

ing characteristics on the building-flow interaction. On the other hand, the
diversification of building techniques, procedures and/or components hinders
an accurate parameterization of the building characteristics without resulting
in a specific study of a singular building (e.g., see Xiao et al., 2013; Custer and
Nishijima, 2015).30

In spite of the variety of building techniques, some additional aspects should
be considered to improve the damage assessment. Among the flood actions
on buildings (Kelman and Spence, 2004), the focus is here on the hydrostatic
and hydrodynamic loads and on the aspects affecting these actions. Such loads
are function of the flow characteristics (i.e. water level and velocity), which are35

taken into account in typical damage assessments, but also of the building and
urban fabric features, such as: structure geometry (e.g., square rather than
circular cylinders), structure material (e.g., masonry, steel, reinforced concrete;
see Suppasri et al., 2013), blocking effect (e.g., due to the relative distance
between buildings).40

This work focuses on a construction type typical of the Italian urban fabric,
as the one described in Bernardini et al. (2017). Specifically, Italian construc-
tions are commonly masonry buildings and reinforced concrete structures with
masonry infill walls, both characterized by scarcely permeable surfaces. Ma-
sonry buildings show a great structural strength (e.g., the buildings survived to45

hurricane Katrina in Robertson et al., 2007), but literature on flood impact on
such construction typology is scarce. In fact, the high stiffness of the structure
and the roughness of the external walls are important features affecting the
hydrodynamics around the building and, subsequently, the force exerted on it.
Besides the construction type, another peculiar feature is the placement of the50

buildings in urban fabrics, which are not always regular. Therefore, the flood
can hit buildings with different incidence angles also without changing its main
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(streamwise) direction (see Figure 1). Therefore, given the construction type,
the flood impact can be studied as a function of: water level, water velocity and
flow incidence.55

Figure 1: Overview of an area of Senigallia (Italy) hit by the flood occurred in May
2014. Some of the buildings which are not perpendicular to the flow are shown in
red. The topographic map is adapted from Carta Tecnica Regionale of the Regione
Marche (http://ctr.regione.marche.it/marcheCTR web/default.aspx). The shaded cyan in-
dicates the inundated area, taken from the web site of COPERNICUS EU programme
(http://emergency.copernicus.eu/mapping/list-of-components/EMSR083/GRADING/ALL).

Floods, like that occurred in Senigallia (Italy) in May 2014, are characterized
by slow rising, i.e. steady or quasi-steady conditions within the urban domain
(e.g., see Bernardini et al., 2017, where a boundary condition characterized by
a water depth h = 0.8m and a flow velocity v = 2m/s, which provided a Froude
number Fr = v/

√
gh = 0.71, was used for the numerical modeling of the flood).60

Such feature is far from the results available in the literature, as many works
are devoted to coastal events, such as tsunamis (e.g., Suppasri et al., 2013;
Charvet et al., 2014; Petrone et al., 2017), i.e. singular unsteady shock events
that do not properly represent typical urban floods. Such events are often
studied through dam-break tests, collecting the hydrostatic and hydrodynamic65

forces acting on the building (Árnason, 2005; Cuomo et al., 2008; Nistor et al.,
2010; Liang et al., 2016; Sarjamee et al., 2017).

However, tsunami-induced floods generate significant peak slamming forces
on the structures (buildings, bridges, river banks, etc.), while the goal of the
present study is to evaluate the action of a quasi-steady flow, which provides70

stresses, torques and buoyancy forces on buildings, similarly to what happens
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with river-induced floods. Quasi-steady flow features also concern changes in
the flow depth between upstream and downstream cross-sections (Fenton, 2003),
generation of a hydraulic jump and standing waves, both downstream of the
structure (Qi et al., 2014).75

This process is similar to river flow around bridge piers, which is a long-
time studied problem. So far, drag forces and coefficients have been analyzed
for different flows and Reynolds numbers, as well as for different pier shapes
(Lindsey, 1938; Roshko, 1955; Heddleson et al., 1957). Summary results on
the drag coefficient are available in manuals and design specifications, which80

suggest large drag coefficients for square piers, such as CD = 1.4 (AASHTO,
2013) or CD = 2 (FEMA, 2011). However, design specifications are precaution-
ary. More detailed works highlight the oscillating behavior of the drag forces,
due to the vortex shedding and related to the Reynolds number (Almasri and
Moqbel, 2017). The role of the incidence angle on square cylinders have been85

investigated, with focus on the vortex shedding, using air flow at low Reynolds
numbers (e.g., see Dutta et al., 2008; Yoon et al., 2010). Numerical modeling
have been used to study the fluid dynamics around bridge piers, this allowing
the analysis of additional characteristics, such as local pressures on the pier walls
(Wang et al., 2015; Nasim et al., 2018) or vortex shedding induced by complex90

geometries, like tandem piers (Almasri and Moqbel, 2017; Debus et al., 2003).
The present work evaluates the pressure field around a rectangular cylin-

der and the related hydrodynamics due to a quasi-steady flood with Reynolds
numbers Re = 105 ÷ 106. Specifically, the influence of some important char-
acteristics (depth, velocity, angle) of a flow impacting a building is studied, so95

as to construct a useful dataset to be exploited for both further experimental
analyses and calibration/validation of numerical models aimed at reproducing
the flow-structure interaction. To represent the construction type of interest,
the model reproduces, at a reduced scale, a masonry building. The experimental
tests were carried out in the flume of the Laboratory of Hydraulics and Maritime100

Constructions of the Università Politecnica delle Marche (Ancona, Italy). To
quantify both hydrodynamics and loads on the building, water pressures have
been measured at different locations on the building.

The paper is structured as follows. Section 2 describes the flume experi-
ments, whose processed data are reported in section 3. Section 4 provides an105

overall discussion of the main results, while section 5 closes the paper.

2. Materials and Methods

In the following, the experimental tests carried out at the Università Politec-
nica delle Marche are described.

2.1. Flume experiments110

The laboratory tests were carried out in a 50m-long, 1.3m-deep and 1m-
wide channel, commonly used for coastal and offshore engineering purposes
(Lorenzoni et al., 2010; Miozzi et al., 2015; Lorenzoni et al., 2016), due to a
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wave paddle in the flume used for the generation of either regular or irregular
waves. The channel (Figure 2a,b) is made of steel uprights and glass walls, while115

the bottom over which the tests were carried out is made of concrete mortar.
A free-from-obstacle length of about 16m was used for the present study. A

mechanical system was built in the channel for the experiment at hand. Such
system was made of an electrical engine which was connected to a trolley by
means of four pulleys and a toothed belt (Figure 2a,b). The effect of the flow120

hitting the building has been obtained by moving the building in the water
at rest, hence reproducing typical flood conditions by exploiting a non-inertial
reference frame.

The boundary layer which develops from the interaction between water and
plate in motion is small. In particular, low- and high-flow conditions (see test125

characteristics in the following) lead to the development of, respectively, laminar
(Reynolds number Re = 1.8 × 105) or turbulent (Re = 6.0 × 105) boundary
layers, whose thickness was of only few millimeters (Schlichting et al., 1974),
with a reduced impact on the local hydrodynamics and almost null effects on
the global hydrodynamics (see also section 4). Further, although the building130

might resemble a partially submerged vehicle (e.g., Arrighi et al., 2015), which
experiences vertical/lifting forces, the present experiment is characterized by a
rigid separation between the lower fluid region (under the plate) and the upper
region (over the plate, where the building is located). Hence, the pressures
measured at the four building walls are not affected by the hydrodynamics135

developing in the lower region. In addition, the non-inertial approach of the
present work has already been used and validated by Haehnel and Daly (2002,
2004) to study the impact force of woody debris on structures.

The model reproduces, using a 1:10 scale, a bay of a building (Figure 2c).
It was composed of a two-level structure, with basis of 0.31m by 0.25m, of steel140

beams and pillars, where rigid floors were reproduced with a steel plate and
the infill walls were built in masonry with bricks at a scale of 1:10 and concrete
mortar. The use of such materials was aimed at properly mimicking the typical
roughness of a masonry building and at reproducing a suitable hydrodynamics
around the structure. However, laboratory experiments are typically carried145

out using materials different from those actually used in the real-scale proto-
type, mainly for the sake of convenience and simplicity. This leads to different
surface/wall roughness, which can be defined using, e.g., Manning’s parameter
n (Chow, 1959). Some of the commonly used materials to reproduce impacts
of water flows on civil engineering structures are: plastic (n ≈ 0.009s/m1/3,150

e.g. Azinfar and Kells, 2009), wood (n ≈ 0.017s/m1/3, e.g. Soares-Frazão and
Zech, 2008), cast iron or aluminum (n ≈ 0.013s/m1/3, e.g. Ranga Raju et al.,
1983; Cuomo et al., 2008). Under a physic and geometric viewpoint, use of
bricks and mortar enables one to better mimic the actual roughness of a ma-
sonry building (n ≈ 0.025s/m1/3), also due to the impervious regions given by155

the brick-mortar alternation, which do not exist in “continuous” materials (e.g.,
aluminum). A suitable representation of the real-world roughness thus leads to
a suitable representation of both wall boundary layer and pressure field around
the structure.

5



The model did not reproduce an entire building, since the goal of the work160

was the analysis of the hydrodynamic effects induced by a specific construction
type subject to flood. The structure was fixed to the trolley using a 0.155m-high
plate, representing the bottom in the non-inertial reference frame, and a vertical
pivot, that allowed for rotation of the building up to 360◦. The trolley structure
was composed by a thin plate supported by circular pillars (Figure 2b), which165

minimize the disturbance of the moving trolley on the fluid. Specifically, the
geometry of plate, pillars and trolley have been designed to avoid undesirable
effects on the flow field and to allow a suitable reproduction of a flood impacting
a masonry building. To this aim, trolley and plate were characterized by a slight
thickness and a significant length, which led to a reduced effect of the boundary170

layer at the building toe, and to completely and rigidly separate the building
from the lower part, i.e. that between trolley and plate.

The masonry was equipped with six Piezoresistive Pressure Transmitters,
Keller - Series 23SY, with pressure range: (−200mbar, 200mbar). Two sensors
were installed at each of the larger faces and one at each smaller face (Figure 2d175

illustrates a top view of the sensor mounting locations). They were all located
7.5cm above the basis of the structure (Figure 2c).

Figure 2: Building in the channel: (a) frontal/top view, (b) side view. (c) Detail of the
masonry structure with pressure sensors, (d) top view of sensor location.
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Each test was characterized by a series of phases, as described in the fol-
lowing. At the beginning, the building is at rest. Then, the building starts
its motion and accelerate (order of 0.1s), after which the velocity is kept con-180

stant (order of 10s). The constant velocity was guaranteed by a power inverter
connected to the engine and checked through use of both a tachometer and
photocells. Finally, the building decelerates (order of 0.1s) and stop.

The pressure sensors recorded at a frequency of 33Hz during each test. The
data collected during the first (rest) phase has been used to evaluate the pressure185

in the static condition ps. The data collected during the constant velocity phase
are used to evaluate the overpressure in the dynamic condition.

Specifically, the raw data have been reduced of ps, then a low-pass filter
has been applied for the spike removal from the signal and the overpressure in
dynamic condition pd has been obtained by averaging over a 3s interval in the190

central part of the constant-velocity phase. Such small time range is chosen to
omit acceleration/deceleration phenomena. The total pressure in the dynamic
condition pt has been gotten by summing up the above contributions.

During the experimental campaign, three flow characteristics were varied:
the angle θ, representing the incidence of the flow on the building; the building195

velocity v, representing the flow velocity; and the water depth h. Five an-
gles (θ = 0◦, 22.5◦, 45◦, 67.5◦, 90◦), six velocities (v = 0.326m/s, 0.465m/s,
0.605m/s, 0.744m/s, 0.884m/s, 1.023m/s) and four water depths (h = 0.095m,
0.145m, 0.195m, 0.245m) were used, for a total of 120 test configurations. Each
of these configurations was repeated four times to check test repeatability.200

Water depth h and velocity v are combined using the dimensionless Froude
number Fr = v/

√
gh, with g the gravity acceleration. The generic pressure p is

made dimensionless as follows: p̃ = p/ρv2, with ρ the water density.
Values of Fr much larger than 1 have not been tested. Specifically, due to

limitations of the used mechanical system (e.g., the engine power), velocities205

larger than 1.023m/s could not be reproduced in such physical model. Further,
depths smaller than 0.095m have not been analyzed, as frictional effects could
significantly affect the results (e.g., see Qi et al., 2014). However, although
highly supercritical conditions, like those characterizing flash floods (Diakakis
et al., 2019), are not accounted for, the Fr range is wide (see section 2.2), also210

compared to recent researches where Fr � 1 (e.g., Qi et al., 2014).

2.2. Analysis of experimental data

During the constant velocity phase, the fluid free surface changes its shape:
a super-elevation occurs upstream and a level reduction downstream of the
building. Figure 3 illustrates, for different incidence angles, the two limit cases215

which have been analyzed: the maximum Froude-number case (i.e. Fr = 1.060,
given by v = 1.023m/s and h = 0.095m) and the minimum Froude-number
case (i.e. Fr = 0.210, given by v = 0.326m/s and h = 0.245m), reported in
the left and right panel, respectively. Hereafter, the two limit cases will be
referred as “Fmax” and “Fmin”. The variation of the free surface in the two220

cases is significantly different: in the “Fmin” case, a slight surface variation
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occurs, mainly at the downstream side of the building, probably related to the
wake (left panels of Figure 3); in the “Fmax” case, the change in water depth
is larger and the flow is characterized by a stationary wave upstream and by an
hydraulic jump downstream (right panels of Figure 3). Such conditions are also225

shown and modeled by Qi et al. (2014).

Figure 3: Snapshots of some experimental tests, showing the still water surface (red dashed
lines) and instantaneous surface (blue lines). Two limit conditions are illustrated: “Fmin”
(left column) and “Fmax” (right column) for some of the tested incidence angles: θ = 0◦ (top
row), θ = 22.5◦ (middle row) and θ = 45◦ (bottom row).
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The results obtained from the data collected by the six pressure sensors,
i.e. the pressure in the static condition ps and the overpressure in the dynamic
condition pd, have been analyzed with the aim to estimate the hydrodynamics
around the structure during the different tested conditions. Though pd has been230

evaluated in the constant velocity phase, it was characterized by an oscillating
evolution (see Figure 4 and 5), which is due to the vortex shedding.

2.2.1. Overpressure in dynamic condition

As significant example conditions, the overpressure pd derived for “Fmax”
and “Fmin” cases, with null incidence between flow and structure, is analyzed.235

Figure 4: Time series of the overpressure in the dynamic condition pd measured by each sensor
during the “Fmax” tests with θ = 0◦. Raw data (dashed thin lines) and filtered data (solid
thick lines).

Figure 4 illustrates the time series recorded by each sensor during the four
tests of the “Fmax” case, reduced by the pressure evaluated during static con-
ditions ps. Notice that the raw data (dashed thin lines) span between an initial
rest/flat phase (with pressure essentially null), followed by a sudden accelera-
tion, and an almost constant velocity region and a rapid deceleration. Filtering240

is only applied to the almost constant velocity region (solid thick lines), i.e. that
used for the calculation of pd. To graphically compare the four tests, each signal
has been properly shifted back, with the time t = 0 referring to the beginning
of the filtered series.

Sensors 1 and 2, in the present configuration representing those at the frontal245

surface, provide the largest overpressure in dynamic condition, while both lat-
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eral (sensors 3 and 6) and rear (sensors 4 and 5) overpressures are negative.
Such negative overpressures are an order of magnitude smaller than those char-
acterizing the impact surface, i.e. O(10−2)bar vs O(10−3)bar. Besides, only
slight oscillations occur during the almost constant phase for each test at each250

sensor. In addition, both raw and filtered data are significantly similar in the
four tests, thus demonstrating test repeatability.

Figure 5: Time series of the overpressure in the dynamic condition pd measured by each sensor
during the “Fmin” tests with θ = 0◦. Raw data (dashed thin lines) and filtered data (solid
thick lines).

On the other hand, Figure 5 represents the time series for the tests of the
“Fmin” case, with null incidence, reduced by the pressure evaluated during
static conditions ps. Oscillations during the almost constant velocity phase255

are now much more evident than in the previous case, with the lateral sensors
providing more frequent variations. Such behavior is detectable even when the
same axis limits are used for Figures 4 and 5 . Also in this case, frontal sensors
provide positive overpressures in dynamic conditions, while both lateral and
rear overpressures are negative. The order of magnitude is the same at each260

structure wall, i.e. O(10−3).
Due to the small duration of the constant velocity phase of each test (≈ 30s

for Fmin and ≈ 10s for Fmax), numerical simulations have been run using
the commercial code ANSYS Fluent. For the Fmax case (experimental data
in Fig. 4), the numerical results obtained the same experimental non-inertial265

approach, i.e. a rigid body moving along a straight rectangular channel with
water at rest, properly reproduce the experimental data at each sensor location.
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With the aim to check if a quasi steady-state condition is reached after few
seconds, the time evolution of the hydrodynamic force acting at the frontal wall
has been estimated from the numerical simulation. In detail, just 3s after the270

initial motion of the rigid body, the force value is very close to the asymptotic
value reached after a simulation time of 8s, with maximum errors ≈ 5%. Hence,
the overpressure pd calculated during the constant velocity phase refer to a
quasi-steady condition.

Details of such topic will be given in a future work, devoted to numerical275

simulations of flood-building interaction.

2.2.2. Power spectral density

With the aim to investigate the role of oscillations produced by the structure
during its run, a spectral analysis has been performed. In particular, the power
spectral density (PSD) of the “Fmax” case is shown in Figure 6, while the PSD280

of the “Fmin” case is illustrated in Figure 7.

Figure 6: PSD of the overpressure in the dynamic condition pd characterizing the “Fmax”
case (h = 9.5cm, v = 1.023m/s and θ = 0◦).

The spectral densities referring to the different tests overlap fairly well for
each sensor, especially for the frontal ones and at larger velocities (see sensors
1 and 2 in Figure 6). Further, the peak frequencies fp are almost exactly
the same. Specifically, the “Fmax” case (Figure 6) provides a peak frequency285

at the frontal sensors fp,12 = 0.017Hz, which corresponds to a peak period
Tp,12 = 1/fp,12 ≈ 60s, while the lateral and rear sensors are characterized,
respectively by peak frequencies fp,36 = 0.025Hz and fp,45 = 0.033Hz, and
peak periods Tp,36 = 1/fp,36 ≈ 40s and Tp,45 = 1/fp,45 ≈ 30s. The “Fmin”
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Figure 7: PSD of the overpressure in the dynamic condition pd characterizing the “Fmin”
case (h = 24.5cm, v = 0.326m/s and θ = 0◦).

case (Figure 7) provides fp,12 = fp,45 = 0.008Hz and Tp,12 = Tp,45 ≈ 120s290

at both frontal and rear sensors, while the lateral sensors are characterized by
fp,36 = 0.017Hz and Tp,36 ≈ 60s.

3. Processing the overpressure in dynamic conditions

A comparison among the different configurations is provided in the follow-
ing sections. In particular, the overpressure in the dynamic condition pd at the295

surfaces of the building is presented by inspecting the influence of the different
parameters varied during the experiments. The large amount of combinations
among the involved parameters hinders an immediate analysis including all such
parameters. Hence, the dependence of pd on each single parameter is first ana-
lyzed, then the influence of all variables is investigated.300

3.1. Overpressure and velocity

The variation of pd with velocity is evaluated at the sensor locations fixing
the water depth and the incidence angle.

Figure 8 reports such information for the two edge cases, i.e. those char-
acterized by h = 9.5cm and h = 24.5cm. The largest velocity produces the305

largest overpressure pd at the impact surface, as expected. Conversely, small
velocities provide a reduced pressure increase at the frontal sensors. Quantita-
tively, looking at the top panel of Figure 8, while the case with v = 0.326m/s is
characterized by pd = 32Pa, the case with v = 1.023m/s provides pd = 702Pa.
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Hence, with significantly small water depths (h = 9.5cm) and flow perpendicu-310

lar to the building (θ = 0◦), an increase of a factor 3 in the velocity magnitude
provides an increase in the overpressure pd, which is more than 20 times larger.

Figure 8: Overpressure pd measured by each sensor during tests with h = 9.5cm and θ = 0◦

(top) and h = 24.5cm and θ = 0◦ (bottom). Note that symbols provide pd values, while lines
simply connect such points.

A similar behavior exists when the water depth is larger (Figure 8, bottom
panel). The cases characterized by h = 24.5cm and θ = 0◦ shows a similar
increase of pd with the velocity rise, providing pd = 28Pa and pd = 699Pa with315

the smallest and largest tested velocities, respectively. The same considerations
can be made for the other tested depths, hence all tested depths with null
incidence flow provide a significant pd increase (factor between 20 and 25) as a
consequence of a small velocity increase (factor 3).

Both lateral and rear surfaces experience negative dynamic pressures, but320

the order of magnitude is the same for all tested velocities, with pd varying in the
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range [−220,−120]Pa. While larger depths provide clear trends, i.e. pd decrease
with velocity (bottom panel), smaller depths do not reveal a clear trend, with pd
slightly changing (increasing or decreasing) with velocity. Hence, a small depth
(e.g., h = 9.5cm) promotes a reduced or null pd decrease, which means a reduced325

or null water level decrease, this behavior suggesting the existence of a velocity-
depth threshold on pd. Such threshold depends on the weight of the bottom
boundary layer within the water column. Its thickness is a function of Rex =
vx/ν (Schlichting et al., 1974), i.e. of the flow velocity affecting the building v,
the distance along the plate x and the kinematic viscosity ν. The layer thickness330

is of the order of millimeters and is expected to affect the hydrodynamics along
the depth h. Hence the existence of a threshold depending on the h−v pair.
Although such differences in the local hydrodynamics, the global hydrodynamics
are essentially close to those found using a traditional inertial approach (see
section 2.1).335

To summarize, the influence of the flow velocity on the overpressure is large
at the upstream face of the building, and suggests the existence of a threshold
at the lateral and rear faces of the building.

3.2. Overpressure and initial water depth

Similarly to what presented in the previous section, the variation of pd with340

the initial water depth h is shown, fixing the velocity and the incidence angle.
Figure 9 illustrates the results of the tests characterized by v = 0.326m/s and
v = 1.023m/s. The water depth seems to only slightly change the overpressure
in the dynamic condition. As already observed, the largest velocity produces
the largest overpressure at the impact surface: the smallest velocity (top panel345

of Figure 9) provides pd ≈ 30Pa, while the largest velocity (bottom panel of
Figure 9) provides pd ≈ 700Pa. Such overpressures are independent of h.

Concerning the test with v = 0.326m/s (top panel), the overpressure at the
lateral surfaces ranges in pd ≈ [−180,−140]Pa, while it is pd ≈ [−150,−120]Pa
at the rear surface. Conversely, tests with v = 1.023m/s (bottom panel) are350

characterized by a lateral overpressure significantly dependent on the water
depth, with a decrease from pd ≈ −180Pa (for h = 9.5cm) to pd ≈ −1000Pa
(for h = 24.5cm). Similarly, the rear overpressure decreases from pd ≈ −210Pa
(for h = 9.5cm) to pd ≈ −750Pa (for h = 24.5cm).

Hence, the overpressure is independent of the initial water depth h at the355

frontal surface, while it is significantly influenced by h laterally and downstream.
This occurs for large velocities, while small flow velocities suggest a weak de-
pendence of pd on h at the lateral and rear walls.

3.3. Overpressure and incidence angle

The variation of the dynamic pressure is here analyzed as a function of the360

flow incidence on the structure. As in the previous analyses, pd is studied fixing
the initial water depth h and the velocity v, and varying the incidence angle
θ. Figure 10 illustrates the results of the tests characterized by “Fmin” (top
panel) and “Fmax” (bottom panel), respectively. A significant variation of the
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Figure 9: Overpressure pd measured by each sensor during tests with v = 0.326m/s and
θ = 0◦ (top) and v = 1.023m/s and θ = 0◦ (bottom). Note that symbols provide pd values,
while lines simply connect such points.

overpressure affects sensors 1, 2 and 6, in terms of both sign and modulus, since365

they are the only sensors to pass from the frontal wall (hence measuring positive
overpressures) to a lateral wall (hence measuring negative overpressures) or vice
versa.

For the “Fmin” case, at sensor 1, pd varies from a minimum value ∼= −180Pa
(θ = 90◦) to a maximum value ∼= 40Pa (θ = 22.5◦). At sensor 2, pd changes370

from ∼= −150Pa (θ = 90◦) to ∼= 30Pa (θ = 0◦), while sensor 6 changes from
≈ −170Pa (θ = 0◦) to ≈ 30Pa (θ = 90◦). Hence, the 90◦ flow rotation leads to
an exchange of overpressure values on the building walls, with an almost com-
plementary behavior, i.e. there is always a wall characterized by a significantly
large negative overpressure, pd ≈ [−180,−150]Pa, and another wall subject to375

a significantly small positive overpressure, pd ≈ [30, 40]Pa.
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Figure 10: Overpressure pd measured by each sensor during tests “Fmin” (v = 0.326m/s and
h = 24.5cm, top) and “Fmax” (v = 1.023m/s and h = 9.5cm, bottom). Note that symbols
provide pd values, while lines simply connect such points.

The overpressure difference between sensors 1 and 2 (respectively located
more upstream and downstream for θ > 0◦) changes with the flow angle. In
particular, if pd,1 and pd,2 define the overpressures at the two sensors, the 45◦

case provides the largest overpressure gradient among the tested angles, with380

pd,2 − pd,1 = −36Pa. Further significant differences may be observed for the
22.5◦ and 67.5◦ cases, where pd,2− pd,1 = −21Pa and −2Pa, respectively. This
highlights how the flow incidence affects the overpressure distribution on the hit
walls and, consequently, the overall hydrodynamics.

In the “Fmax” case, things are slightly different. In particular, while for385

θ = 0◦ the overpressure pd ≈ 700Pa at sensors 1-2 and pd ≈ −180Pa at
sensor 6, for θ = 90◦ the overpressure pd ≈ [−60,−70]Pa at sensors 1-2 and
pd ≈ 700Pa at sensor 6. Hence, the large positive pressure at the impact wall is
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always of the same order (≈ 700Pa), while the negative pressure at the lateral
wall changes significantly (−60 to −180Pa). Such a behavior is probably due390

to the blocking effect, which mainly acts on the lateral walls (see section 3.4).
As discussed for the “Fmin” case, the overpressure measured by sensors 1

and 2 during “Fmax” provides the following results. The largest overpressure
gradient and water-level change occur for θ = 45◦, where pd,2− pd,1 = −119Pa,
while such difference is −101Pa and −46Pa for, respectively, θ = 22.5◦ and395

67.5◦. This confirms the dependence of the overpressure distribution on the
flow angle and highlights a steeper water surface during high-flow conditions,
hence a significant change in the free-surface geometry.

In both cases, the overpressure pd at sensors 3, 4 and 5 is always nega-
tive, while the modulus does not change significantly, as such sensors are never400

directly impacted by the flow and are always measuring negative overpressures.
Hence, the tested cases show that a significant variation of the overpressure

occurs when the flow approaches the building with an angle, with different
behaviors in the case of small and large Froude numbers. Such differences
depend on the blocking effect, but also on the water momentum flux. Analytical405

laws confirm an increase of the backwater profile with an increasing Fr value
(e.g., Chow, 1959).

Tests characterized by further Fr values have not been included here for the
sake of brevity. However, synthetic results coming from the whole data set are
illustrated in the following sections.410

3.4. Overpressure and blocking effect

The blocking effect depends on the ratio between the structure width b and
the channel width w, as analyzed in the recent literature (e.g., Fenton, 2003;
Qi et al., 2014). It is thus important to analyze the conditions during which
the flow perpendicularly impacts a rectangular cylinder, i.e. the experimental415

tests characterized by θ = 0◦ (sensors 1 and 2 are at the impact surface) and
θ = 90◦ (sensors 6 is at the impact surface). Figure 11 illustrates the results
of the tests characterized by the minimum (top panel) and maximum (bottom
panel) velocity and depth. The cases with θ = 0◦ (in red) and θ = 90◦ (in
green) refer to, respectively, a blocking ratio b/w = 0.25 and b/w = 0.31.420

The order of magnitude of pd at the different surfaces is the same during
both incidence conditions. The top panel shows a dynamic pressure pd = 35Pa
and 29Pa at the impact surface, respectively when θ = 0◦ and 90◦. The bot-
tom panel provides, respectively, pd = 699Pa and 649Pa. Hence, though the
different hydrodynamic conditions (h and v), the blocking effect seems to affect425

the water level upstream of the structure, in agreement with the b/w parame-
ter. At the rear surface, pd = −123Pa and −114Pa for the case with minimum
velocity and depth (top panel of Figure 11), while pd = −741Pa and −782Pa
for the case with maximum velocity and depth (bottom panel of Figure 11),
respectively when θ = 0◦ and 90◦. From the analysis of the pressure variation430

between the upstream and downstream cross sections (∆pd = pd|up − pd|down),
it results that the blocking effect induces a reduction of less than 10% when b/w
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Figure 11: Overpressure pd measured by each sensor during tests with h = 9.5cm and v =
0.326m/s (top) and h = 24.5cm and v = 1.023m/s (bottom). Note that symbols provide pd
values, while lines simply connect such points.

changes from 0.31 to 0.25, i.e. when the flow incidence changes from 0◦ to 90◦.
The exact reduction rate strictly depends on the considered flow conditions h
and v.435

3.5. Power spectral density

The spectral analysis confirms the dependence of the overpressure on the
variables reported in the previous sections. Specifically, the comparison between
the PSD of the signal measured by each sensor during different velocity condi-
tions (Figures 12 and 13) shows that, at each location, the largest power has440

been recorded during high-flow conditions (v = 1.023m/s, light blue line), while
the smallest power has been recorded during low-flow conditions (v = 0.326m/s,
dark blue line). Further, while the mean PSD is of order 10−4m2/Hz when the
velocity is high (v = 1.023m/s), lower velocities (v < 0.5m/s) provide the
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largest PSD at lower frequencies and a mean PSD of order 10−6m2/Hz (e.g.,445

PSD at f ≈ 0.01Hz is much larger than PSD at higher frequencies). This occurs
independently of h (see both Figures 12 and 13).

Figure 12: PSD of the overpressure pd for tests with h = 9.5cm and θ = 0◦.

Figure 13: PSD of the overpressure pd for tests with h = 24.5cm and θ = 0◦.

The spectral analysis further confirms the reduced dependence of overpres-
sure on the initial water level h. In fact, for small velocities (Figure 14), similar
patterns have been found at each sensor, with mean PSD of order 10−6m2/Hz,450

while for large velocities (Figure 15) the curves overlap and are characterized
by a PSD order of 10−4m2/Hz.

When the flow angle is larger than 0◦, things slowly evolves. Specifically, if
θ ≤ 45◦, PSD patterns of all studied angles overlap pretty well, hence providing
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the same peak frequencies, independently of the flow incidence. For θ = 67.5◦, a455

transition occurs, i.e. low-frequency (f < 0.08Hz) PSD values are smaller than
those observed for smaller angles. For θ = 90◦, PSD values are significantly
smaller than those observed for θ ≤ 45◦, this occurring throughout the frequency
domain, where the PSD pattern is also completely different. Hence, a significant
frequency redistribution can be observed when the flow incidence is θ > 45◦.460

Figure 14: PSD of the overpressure pd for tests with v = 0.326m/s and θ = 0◦.

Figure 15: PSD of the overpressure pd for tests with v = 1.023m/s and θ = 0◦.

3.6. Overpressure and flow characteristics

To better investigate the dependence of pd on all tested flow characteristics,
the dependence on the water flux hv2 is first analyzed, such term being a com-
bination of the tested velocities and initial water depths. This is inspired by the
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expression of the drag force:465

FD =
1

2
ρCDhv

2, (1)

where ρ is the water density and CD the drag coefficient.
Figure 16 illustrates the overpressure in the dynamic condition, measured

by each sensor during each configuration characterized by θ = 0◦ (top panel),
θ = 45◦ (middle panel) and θ = 90◦ (bottom panel), plotted versus the water
flux hv2.470

In the first case (θ = 0◦), the measurements of the frontal sensors almost
perfectly overlap (blue symbols), providing an almost linear positive evolution
with the flux hv2. An almost linear negative trend is observed for both rear
(green symbols) and lateral (red symbols) measurements. All linear interpola-
tions provide a fairly good best fit (R2 > 0.65).475

Similar behaviors are observed when θ = 90◦ (bottom panel), where sensors
1, 2, 4 and 5 are lateral (red), while sensor 6 is frontal (blue) and 3 is rear
(green). In this case, R2 is good for all sensors, except for those located at
the downstream lateral position, i.e. 2 and 4. This may be explained with the
tendency to reach an almost constant pd for large flux values hv2, partly due480

to an increased turbulence which characterizes nearly critical conditions and
choked flows (Qi et al., 2014). Such a trend may be clearly observed in the
distribution of the data collected by the frontal and lateral sensors.

The middle case, i.e. that characterized by θ = 45◦, presents significantly
better trends if compared to the 90◦ case, as all fitting curves provide R2 > 0.5,485

despite the angled flow incidence.
To better analyze the effect of the flow incidence on the overpressure pd,

Figure 17 illustrates the dependence of pd on the water flux hv2 for the three
sensors characterized by the largest changes, i.e. sensor 1 (top panel), sensor 2
(middle panel) and sensor 6 (bottom panel), for each tested angle. In particular,490

the linear trend seems to properly fit the measured data, with R2 > 0.6 when
the sensors are frontal or rear. Conversely, the lateral overpressure is not always
well represented by the linear trend. In particular, when pd is small (hence the
local surface level is small), this oscillates around zero. This happens at sensors
1 and 2, when θ = 67.5◦, and at sensor 6, when θ = 22.5◦. In such cases, the495

overpressure and water super-elevation significantly vary with the flux.
The dependence of pd on the flow characteristics may also be detected in

Figures 18 (θ = 0◦), 19 (θ = 45◦) and 20 (θ = 90◦). As already observed in the
previous sections, the frontal wall overpressure (sensors 1 and 2 in Figure 18,
sensor 1 in Figure 19, sensor 6 in Figure 20) is only slightly affected by the500

initial water depth and significantly affected by the flow velocity, with pd varying
between 30Pa and 700Pa when passing from v = 0.326m/s to v = 1.023m/s.
Conversely, h and v affect in a similar way the overpressure pd measured at the
lateral surfaces (sensors 3 and 6 in Figure 18, sensors 1 and 5 in Figure 20).

Notice that pd at the most downstream lateral location (sensors 2 and 4505

in Figure 20) is much smaller than pd measured at the most upstream lateral
location (sensors 1 and 5) and at the rear surface (sensor 3). This suggests that,
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Figure 16: Overpressure pd versus flux hv2 for incidence angles θ = 0◦ (top panel), θ = 45◦

(middle panel) and θ = 90◦ (bottom panel). Symbols provide pd values and lines provide
linear fitting.

after a water level increase at the frontal wall (sensor 6), this suddenly decreases
at the lateral surfaces (sensors 1 and 5), then increases (sensors 2 and 4), finally
it decreases again at the rear wall (sensor 3).510
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Figure 17: Overpressure pd versus flux hv2 for all incidence angles, measured at sensor 1 (top
panel), sensor 2 (middle panel) and sensor 6 (bottom panel). Note that symbols provide pd
values and lines provide linear fitting.

4. Discussion

The results obtained for the overpressure pd (e.g. those reported in Figures 8,
9 and 10) can be extended to the water super-elevation η generated during the
tests, i.e. η = pd/(ρg). In particular, the positive value of pd at the frontal
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Figure 18: Overpressure pd at each sensor as a function of the flow characteristics h and v.
Flow incidence: θ = 0◦.

Figure 19: Overpressure pd at each sensor as a function of the flow characteristics h and v.
Flow incidence: θ = 45◦.

wall and the negative values at the lateral and rear walls correspond to the515

free-surface evolution, which is mainly characterized by a water-level increase
at the front wall, a water-level decrease at the lateral walls and a slightly lower
decrease at the rear wall. Further, the water-level variation significantly affects
the upstream region, while the bottom boundary layer entails a threshold at the
lateral and rear walls (see section 3.1 and Figure 8). Conversely, the initial water520

depth slightly affects the water level at the frontal surfaces, but significantly
changes at the lateral and downstream walls. In particular, the water surface
at the lateral walls significantly changes when the flow approaches the structure
with an angle, with a maximum gradient measured when θ = 45◦.
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Figure 20: Overpressure pd at each sensor as a function of the flow characteristics h and v.
Flow incidence: θ = 90◦.

The values of peak frequencies and peak periods evaluated with the spectral525

analysis for the “Fmax” case (Figure 6) and “Fmin” case (Figure 7), reported
in section 2.2.2, suggest that large Froude numbers generate coherent struc-
tures/vortices characterized by time scales much smaller (i.e. velocity scales
much larger) than those obtained with smaller Fr. Hence, as expected, the
induced vorticity scales are in agreement with the flow dynamics around the530

building.
To further study the flood action on the building, some global indexes are

evaluated, i.e. Fr and the drag coefficient CD, which characterize the flow and
the flow-building interaction. The approach used by Qi et al. (2014) is followed,
where a force balance is applied exploiting a simple one-dimensional model.535

The specific momentum flux plus the specific hydrostatic pressure needs to be
conserved along the flume, i.e.

S1 = S2, (2)

where S1 is the force in correspondence of the impact wall, which is equated to
the force in steady-flow condition S2, i.e. those characterizing a region located
far downstream from the structure, where the flow field is almost uniform and540

one-dimensional. The forces are estimated as:

Si = u2ihi +
1

2
gh2i , (3)

with hi and ui being, respectively, the water depth and velocity at the i-th
section (i = 1, 2), while g is the gravity acceleration. It can be assumed that
far downstream from the structure, the uniform flow conditions are recreated,
i.e. h2 ≡ h and u2 ≡ v (see left panels of Figure 3). The water depth at545

the impact surface h1 can be retrieved using the total pressure pt, i.e. h1 =
pt/ρg + ds, where ds = 7.5cm is the vertical distance between each sensor and
the reference bed.

25



Use of eq. 3 gives the forces at the downstream and upstream section

S2 = v2h+
1

2
gh2, (4)

550

S1 = v2
(
pt
ρ
g + ds

)
+

1

2
g

(
pt
ρ
g + ds

)2

, (5)

Substitution of equations 4 and 5 in eq. 2 leads to the velocity at the up-
stream section:

u1 =

√
S2 − 1

2gh
2
1

h1
. (6)

The velocities at the upstream section u1 are used to evaluate the corre-
sponding Froude number (Fr1), which is plotted against the Froude number far
from the structure (Fr2, evaluated with v, i.e. Fr2 = Fr) in Figure 21, as in Qi555

et al. (2014). Notice that some discrepancies exist between the one-dimensional
model used for the reconstruction and the flow field three-dimensionality expe-
rienced in the flume, mainly observed with small depths. Hence, the results are
only shown for larger depths, i.e. h = (0.145 ÷ 0.245)m, and for cases during
which the flow was perpendicular to the impact wall, i.e. θ = 0◦ and θ = 90◦.560

Figure 21: Fr1 versus Fr2 obtained from the one-dimensional model of eq. 2. Flow incidence:
θ = 0◦ (green) and θ = 90◦ (red). Water depths: h = 0.145m (◦), h = 0.195m (♦),
h = 0.245m (O).

As already stated and demonstrated (e.g., Brocchini and Peregrine, 2001; Qi
et al., 2014), low flow conditions provide Fr1 ≈ Fr2 (values around 0.2−0.3 are
close to the bisector), while larger flow conditions (Fr2 increase) generate an
almost constant Fr1 value. An important blocking effect exists, with the tested
blocking ratio b/w = 0.25 (red symbols) and 0.31 (green symbols) leading to a565

change at small Froude numbers in the data distribution, i.e. from Fr1 ≈ Fr2
to Fr1 ≈ constant.
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To check the validity of the present results, a comparison with Qi et al. (2014)
is shown in Figure 21. Specifically, the data referring to the cases characterized
by the largest tested blocking ratios (b/w = 0.20 and b/w = 0.15) are plotted.570

Although the points referring to b/w = 0.20 may be expected to fall on the
right of, and not within, the data referring to the present tests (characterized
by larger values of b/w), such behavior is due to the different nature of the
experiments. However, despite the differences in the experimental methodology
(non-inertial instead of inertial approach) and in the used materials (masonry575

walls instead of smooth walls), as well as in the used geometrical scale, such
comparison confirms that the global hydrodynamics induced by the interaction
between the moving building and the water at rest is well reproduced in the
present tests.

An overall behavior of the experimental tests can be obtained from the580

analysis of the water level variations between upstream (frontal sensors) and
downstream (rear sensors) of the structure. To this aim, the overpressure mea-
sured at each sensor location has been used to find the water level variation, as
∆η = (pd,up − pd,dn)/ρg, where pd,up and pd,dn are, respectively, the upstream
overpressure (e.g., that measured by sensors 1 and 2 when θ = 0◦) and down-585

stream overpressure (e.g., measured by sensors 4 and 5 when θ = 0◦). The law
presented by Fenton (2003)

∆η =
v2

2g

CD

|βFr2 − 1|
b

w
(7)

is valid when the momentum flux does not significantly change between the
upstream and downstream sections of either completely or partly submerged
obstacles (e.g., bridge piers, logs). Assuming that the Boussinesq coefficient590

β ≈ 1, the drag coefficient can be obtained as

CD =
∆η

v2/2g

|Fr2 − 1|
b/w

. (8)

Figure 22 illustrates the dependence on Fr of the measured ∆η in both
dimensional (top panel) and dimensionless (middle panel) forms. Here, with the
aim to summarize all findings, all tested angles have been included. In the cases
characterized by 0◦ < θ < 90◦, a suitable impact surface has been accounted for,595

hence a suitable width b (see the legend), while ∆η has been calculated using the
measurements from the more upstream (pd,up) and downstream (pd,dn) sensors.
All configurations characterized by subcritical flow conditions (Fr ≤ 1) are
represented. The dimensionless data are almost aligned along a polynomial
best-fit law (R2 = 0.854), almost independently of the flow incidence, i.e. of the600

structure shape. Similarly, the reconstructed drag coefficient (bottom panel)
reveals the slight dependence of CD on the flow incidence, providing a fairly
good alignment along the best-fit curve (R2 = 0.853).

The values obtained for the drag coefficient are always lower than those
commonly suggested by the literature, where CD = 1.9÷ 2 (e.g., Cuomo et al.,605

2008; Qi et al., 2014; Sarjamee et al., 2017). This suggests that the drag force,
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Figure 22: Evolution with Fr of the dimensional water level variation ∆η (top), the dimension-
less water level variation ∆η/h (middle) and the reconstructed drag coefficient CD (bottom).

which is typically used for damage-assessment purposes, is significantly larger
than what expected, and this may also depend on the construction type studied
in the present work, i.e. masonry building. Similarly, the observed hydrody-
namics (e.g., the water-level variation ∆η) are affected by the building-model610

characteristics, like the roughness reproduced using clay-bricks and mortar.
Analytical formulations, commonly used for the prediction of the backwater

profile upstream of bridge piers, suggest similar ∆η values. As an example,
application of empirical laws valid for rectangular channels (e.g., Atabay et al.,
2018) to the case with θ = 0◦, v = 1.023m/s and h = 0.245m, leads to ∆ηan =615

10.5cm, which suitably compares with the experimental value ∆η = 14.7cm.
In addition, preliminary numerical results, obtained using ANSYS Fluent

and exploiting an inertial reference frame, i.e. a water flow impacting a fixed
structure, confirm the validity of the experimental approach used in the present
work. In particular, for the above-mentioned case, highly comparable results620

are found at the frontal wall, with differences of ≈ 1% between measured and
simulated pd. Furthermore, both water-level variation and drag coefficient (Fig-
ure 22), estimated using frontal and rear sensors, lead to differences smaller than
25% (e.g., the numerical result ∆ηnum = 19.1cm suitably compares with the
experimental value ∆η = 14.7cm). Differences partially depend on the discrep-625

ancies existing in the numerical representation of the experimental setu (e.g. the
wall friction). Further details will be provided in a dedicated work, aimed at
investigating both numerical-experimental comparison and aspects concerning
the hydrodynamics around buildings subjected to angled flows.

Finally, this work: i) allows one to estimate both drag coefficient and water630

level around a masonry building, based on use of the input flood character-

28



istics (see middle and bottom panels of Fig. 22), which may help, e.g., local
authorities to predict the impact of flood waters on the urban environment,
even when building walls are not parallel nor perpendicular to the main flow
direction or when a specific blocking ratio exists (Fig. 1); ii) illustrates the635

role of the building-flow relative angle, never studied before, to the authors’
knowledge, which is suggested to have a weak influence on the drag coefficient;
iii) suggests the suitability to carry out experimental tests using a non-inertial
approach, which leads to global results comparable to those obtained using tra-
ditional approaches; iv) enables one to evaluate the possible activation of various640

mechanisms.

5. Conclusions

This paper presents the main results of a study carried out in the Laboratory
of Hydraulics and Maritime Constructions of the Università Politecnica delle
Marche (Italy), using a geometric scaled (1:10) masonry building dragged in645

the water at rest by a trolley. In a non-inertial reference frame, such model
represents a building impacted by flood waters.

The effect of different flow characteristics on the hydrodynamics around the
impacted building is here analyzed, hence several tests have been carried out and
some of the main parameters, i.e. still water depth, flow velocity and incidence650

angle, have been varied. The work underlines that all such parameters play an
important role on the pressure acting at the building walls.

At the impacted wall, the velocity provides significant variations in both
overpressure and water super-elevation, while the initial water depth does not
provide significant changes. At the lateral and rear walls, both depth and ve-655

locity play an important role and provide large overpressure/super-elevation
changes.

The flow incidence angle also significantly affects the overpressure and the
consequent hydrodynamics around the structure. In particular, a wall impacted
by an inclined flow experiences different pressure fields: (i) when the flow is660

perpendicular, the wall is subject to a large positive overpressure and water-
level increase, almost constant throughout the wall width; (ii) when the flow
changes from perpendicular to 45◦, an overpressure/free-surface gradient gen-
erates along the wall, with the largest gradient occurring at 45◦; (iii) when the
flow is tangent to the wall, a negative overpressure generates, associated to a665

water-level decrease.
Different flow regimes (Fr numbers) provide different flow behaviors when

the flow-structure angle changes, this also depending on the blocking effect.
This is fundamental in terms of the flow regimes generating upstream and down-
stream of the structure, i.e. existence of neighborhoods and close buildings lead670

to a larger overpressure/super-elevation with respect to isolated structures, this
being confirmed in both recent literature and present experiments.

Application of literature formulas to the subcritical flow cases enabled to
find an increasing trend of the dimensionless water-level variation, estimated
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using the upstream and downstream water levels, with Fr. A further trend is675

found for the drag coefficient, which decreases with Fr. Such findings refer to
all experimental tests, hence they are valid for all angles and blocking ratios.

Finally, the presented results underline that the knowledge of the main input
flood conditions (water depth, flow velocity, flow direction) may help one in
hindcasting/predicting the hydrodynamic actions and the activation of possible680

mechanisms on buildings characterized by either specific angles with respect to
the main flow or blocking ratios, as typical of urban fabrics worldwide. Such
points are crucial in real-world applications, especially when dealing with the
urban environment, where the hydrodynamics is highly complex.

Accounting for the above aspects and use of the proposed laws will thus685

help authorities when dealing with urban planning or evacuation-strategy plans,
which also involve pedestrian safety during floods.
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