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Buildings at the beach change the near-bed airflow patterns in the surrounding area. This induces alterations in
wind-induced bed shear stress and wind-induced sediment transport which, in turn, affect the bed topography in
the vicinity of buildings. Three-dimensional computational fluid dynamics simulations using OpenFOAM have
been performed to understand how and to what extent the buildings at the beach influence the sediment
transport from the beach to the dunes. Herein, we explicitly account for the positioning of the buildings with
respect to each other and the dominant wind direction. Also discussed are the airflow mechanisms that are
responsible for sediment transport, and how they alter due to systematic changes in the gap spacing between
buildings and the wind incidence angle. Simulations were performed, in which we model flow and initial
sediment transport around a repeating row of ten parallel full-scale beach buildings when the gap spacings and
wind incidence angles were systematically varied. The horizontal near-bed streamline patterns showed that there
is a critical gap spacing, below which the neighboring buildings significantly affect each other. Furthermore, the
airflow in the near-wake region behind the row of buildings is quite complex. The shape and the extent to which
the sand drifts develop behind the gaps between buildings are largely influenced by the wind direction, relative
to the buildings. We also computed the average sediment transport flux along different lines downstream of the
buildings. Our findings showed that, depending on the buildings’ positioning at the beach, they could have
negative effects on dune growth by obstructing the sediment particles from moving downstream, or they could
have positive effects on dune growth by steering the airflow and supplying more sediment downstream.

deposition patterns develop. These building-induced erosion and depo-
sition patterns might become problematic over a longer time-scale.

Introduction

The recreational value and attractiveness of sandy beaches world-
wide, makes the understanding of the influence that buildings might
have in the surrounding area vital. Buildings by the beach such as hotels,
holiday cottages, restaurants, sailing and surfing clubs, lifeguard rescue
towers and pavilions (Fig. 1) affect the near-bed wind field due to their
size, shape, elevation from the bed, construction materials and their
location on the beach (Nordstrom and McCluskey 1985; Nordstrom,
2004; Jackson and Nordstrom, 2011). The sediment mass transport in
sandy environments, such as beaches, depends on complex interactions
between near-bed wind field, sediment transport and instantaneous
changes in bed morphology (Walker and Nickling, 2002). Therefore, in
response to the spatial variations in near-bed flow dynamics due to the
protrusion of buildings into the near-bed boundary layer, erosion and
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Buildings change the wind-blown sediment supply moving from the
beach towards the dunes and might affect the flood safety functioning of
the dunes (Nordstrom and McCluskey, 1984; Nordstrom and Jackson,
1998).

Furthermore, the scouring and sediment trapping around buildings
could cause structural malfunction (Jackson and Nordstrom, 2011). A
quantitative study on the impact of building spacing in rows of beach
houses, and the prevailing wind direction on near-bed wind field as well
as erosion and deposition patterns would be of interest for coastal en-
gineers, morphologists, and owners of the buildings. The findings of
such a study could provide scientific support for coastal managers to
mitigate threats to both buildings and dunes, in addition to minimizing
the need for additional preservation measures.
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The airflow patterns around cuboid structures, such as buildings,
have been studied extensively through experimental measurements and
numerical simulations (Hunt et al., 1978; Beranek 1984; Peterka et al.,
1985; Martinuzzi and Tropea, 1993; Shah and Ferziger, 1997; Lakehal
and Rodi 1997; Chou and Chao 2000; Iaccarino et al., 2003; Gao and
Chow, 2005; Yakhot et al., 2006; Pourteimouri et al., 2021). Under-
standing the aeolian sediment transport and morphological changes
around cuboid buildings that are located on movable substrate, e.g.
sandy beaches, has been of great interest in previous studies. In case of a
sufficiently strong wind, the sediment particles are entrained by the
airflow. They strike the windward face of the building, rebound back,
and settle in the decelerated flow region at some distance in front of the
building where the approaching wind and the reversed flow meet
(Bagnold, 1941). The upwind deposition is similar to the so-called echo
dunes that also develop in front of the vertical natural obstructions, e.g.
cliffs, in sandy environments (Tsoar, 1983; Cooke et al., 1993; Jackson
and Nordstrom, 2011; Qian et al., 2011). The sediment accumulation in
front of the building grows in size until its slope stands at the angle of
repose of dry sand, approximately 34" (Bagnold, 1941). When the
equilibrium is reached, additional sediment particles moving towards
the windward face of the building slide down the slope of the upwind
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deposition and join the sediment streams passing around the lateral
walls of the building. They are then deposited in two tails starting at a
small distance from the lateral walls of the building, and apparently
follow the horseshoe-shape vortex downstream of the building (Bag-
nold, 1941; Pye and Tsoar, 1990; Poppema et al., 2021; Pourteimouri
et al., 2021). These two deposition tails gradually merge as the two
opposed reversing vortices in the low-speed cavity region carry the
sediment particles from the deposition tails towards the middle of the
leeward face of the building and create the so-called sand shadow
immediately behind the building (Bagnold, 1941; Pye and Tsoar, 1990;
Livingstone and Warren, 1996; Luo et al., 2012). Furthermore, previous
studies showed that the most intensive erosion occurs around the
windward edge and corners of the building (Iversen et al., 1991;
Tominaga et al., 2018; Pourteimouri et al., 2021).

Previous studies have examined morphological changes around
buildings, while little attention has been paid to how and to what extent
these changes depend on the positioning of buildings at the beach. The
incident wind direction with respect to the buildings strongly influences
the characteristics of the secondary flow patterns in the near-wake re-
gion which, in turn, determine the generation and development of sand
shadows in the lee of buildings (Cooke et al., 1993; Becker et al., 2002;

e B &

Fig. 1. Examples of some buildings at the a, b) Kijkduin, and ¢, d, e) Katwijk beach, the Netherlands.
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Luo et al., 2012; Unnikrishnan et al., 2017). In real beach conditions,
buildings are mainly positioned close to each other due to the growth of
beach tourism and high demand for centralized facilities on the limited
land space at the beach. The wind is slightly accelerated through the gap
spacing between adjacent buildings due to the funneling effect. This
increases the sediment-entraining capacity of the air. In the lee of the
gap, the air decelerates as it flows in a larger space and joins the un-
disturbed flow sufficiently downstream of the buildings. As a result, the
sediment will deposit and form the so-called sand drift at a small dis-
tance downstream of the gap (Bagnold, 1941; Pye and Tsoar, 1990;
Cooke et al., 1993; Luo et al., 2014; Luo et al., 2016; Poppema et al.,
2022). First attempts to systematically study the impact of building
positioning with respect to neighboring buildings and the prevailing
wind on flow characteristics and the implications for sediment transport
go back to the wind-tunnel studies by Luo et al. (2012), Luo et al. (2014)
and Luo et al. (2016). However, they only focused on the near-wake flow
region, and mainly on the airflow mechanisms responsible for the for-
mation and evolution of sand shadow and sand drift that develop just
behind the building, and in the lee of the gap spacing between neigh-
boring buildings, respectively. In a recent study by Poppema et al., 2022;
a series of field experiments was performed to study how the initial
morphological changes around scaled buildings at the beach are influ-
enced by buildings positioning. An analysis considering real beach
conditions, a systematic study around full-scale buildings in a row when
the gap spacing between neighboring buildings and the angle of wind
incidence are changed over a wide range is lacking so far.

This study aims to answer the following research questions: Q1) How
do the flow mechanisms that are responsible for sediment transport
around a row of full-scale buildings at the beach change when the gap
spacing between neighboring buildings increases?; Q2) How do the flow
mechanisms that are responsible for sediment transport around a row of
full-scale buildings at the beach change when the wind incidence angle
relative to the buildings changes?; Q3) How and to what extent is the
potential sediment supply from beach to downstream (towards dunes in
real beach) influenced by the buildings positioning at the beach? For the
latter research question, we will only study the combined impacts of the
buildings spacing in the row and their orientation with respect to the
dominant wind.

The present study investigates how the flow mechanisms and the
initial morphological patterns around a row of full-scale buildings at the
beach, are affected by the gap spacing between neighboring buildings
and the wind direction. For this purpose, the OpenFOAM software is
used. The choice of methods and model specifications were extensively
elaborated by Pourteimouri et al. (2021).

This paper is organized as follows. In section 2, the model de-
scriptions and methods used in this study are presented. Results on the
impact of gap spacing and wind incidence angle on near-bed horizontal
flow patterns are presented in section 3.1. In section 3.2, the wind-
induced bed shear stress due to variations in gap spacing and wind
incidence angle are presented. The sediment transport flux is then
computed and the duneward component (in x direction) for variations in
gap spacing and wind incidence angle is presented in section 3.3. In
section 3.4, the initial changes in bed elevation are presented. The paper
ends with discussion and conclusions that are presented in section 4 and
section 5, respectively.

Methodology
Model specifications

In this study, the three-dimensional OpenFOAM model in Pourtei-
mouri et al. (2021) is further modified to simulate the flow mechanisms
around a row of ten full-scale beach buildings. The gap spacing between
adjacent buildings and the prevailing wind direction with respect to the
buildings is systematically changed. The simpleFOAM solver is selected,
which solves the steady Reynolds-averaged Navier-Stokes (RANS)
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equations for incompressible turbulent flows, using the finite volume
method (FVM). The SIMPLE (Semi-Implicit Method for Pressure-Linked
Equations) algorithm is used to solve the model equations. The standard
k —e turbulence closure model is used to solve the turbulence in the
vicinity of buildings. The configuration of the computational domain
with a row of ten full-scale beach buildings is shown in Fig. 2. Di-
mensions of the computational domain and beach buildings used in this
study are summarized in Table 1. The blockMesh utility of OpenFOAM is
used to generate grids with the size of Ax = Ay = Az =1 m within the
entire computational domain. The snappyHexMesh utility is then used
to refine the mesh in a bounding box with the height of 9 m from the bed
surface. The grid cells in the refinement region are refined four times as
they get closer to the buildings. This ends to the cells with the size of
Ax = Ay = Az = 0.0625 m close to the buildings. The total number of
computational grids in the domain is approximately 3.5 million that
mainly consists of hexahedra cells and some polyhedra cells connecting
the coarse to fine cells together.

As shown in Fig. 2, the fully-developed profiles of logarithmic wind
velocity, U, and turbulence parameters, k and ¢, are applied as the inlet
boundary conditions using the equations proposed by Richards and
Hoxey (1993). The reference wind speed of u,,; = 17 m/s is considered
at the reference height of z,,; = 1.8 m above the ground level, z = O m, to
prescribe the logarithmic velocity profile at the inlet of the domain. A
uniform surface roughness height of zo = 0.00001 m is applied at the
bottom of the domain, which was computed based on the median
sediment grain size at the beach (3.00 x 10~* m ). The open boundary
condition with zero-gauge pressure is considered at the outlet of the
domain. At the spanwise boundaries of the domain, the cyclic (periodic)
boundary condition is used to assure that the flow conditions are peri-
odically repeating between these two boundaries, allowing the incident
wind to make an angle with the centerline of the buildings (x-direction).
Another advantage of using the cyclic lateral boundaries is that it re-
produces the actual beach situation where the row of buildings is
repetitively placed at the beach. It should be noted that we assumed a
constant domain width, meaning that by increasing the gap size between
neighboring buildings in the row, we reduce the distance between the
neighboring rows of buildings. Furthermore, the no-slip velocity
boundary condition is used at the bottom of the domain and the build-
ings’ walls. The wall functions are used to accurately resolve the steep
gradients of the flow velocity close to the walls. The log-law of the wall
for turbulent flow around the buildings is used that significantly reduces
the requirements for high grid resolution in the near-wall region. This is
achieved by locating the first cell centroid off the wall in the log-law
region of the boundary layer, y© > 30, instead of the linear viscous
sub-layer, y" < 5 (Blocken et al., 2007). More detailed information on
the model specifications, the implementation of boundary conditions
and wall functions can be found in Pourteimouri et al. (2021).

Model setup for spacing and orientations scenario’s

To systematically evaluate the impact of gap spacing between
neighboring beach buildings on flow mechanisms and morphological
changes around buildings, 16 different simulations were performed, in
which the gap spacing between buildings increased from 0.1 to 4 times
the width of each building. Similar to the previous studies by Luo et al.
(2014) and Luo et al. (2016), a dimensionless parameter, the gap ratio,
was used in the present study. When considering equal distances be-
tween neighboring beach buildings in the row, the gap ratio, g§* =s/(s +
w), denotes the ratio of the gap spacing between buildings to the center-
to-center distance between buildings (Fig. 3). The wind incidence angle,
6y, represents the angle between the prevailing wind direction and the
centerline of the buildings (Fig. 3). To understand how the airflow
patterns and the bed level change around beach buildings are influenced
by the wind incidence angle, five different wind directions, 0°, 20", 40°,
60" and 80", were applied for each tested gap ratio. An overview of the
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Open boundary

Cyclic boundary

Fig. 2. Schematization of the modelled beach buildings within the computational domain. The domain inlet is located at x =0 m, and the incident wind is

perpendicular to the upwind (seaward) face of buildings.

Table 1

Geometric dimensions of the computational domain and beach buildings.
Variable Value [m]
Length of the domain (L) 150.00
Width of the domain (W) 150.00
Height of the domain (H) 50.00
Length of beach buildings (/) 6.00
Width of beach buildings (w) 2.50
Height of beach buildings (k) 2.50
Gap spacing between neighboring buildings (s) 0.25-10.00

total 80 conducted simulations is given in Table 2.

Sediment transport flux

In sandy substrate such as beaches, the wind-blown sediment
transport initiates when the wind shear velocity, u~, exceeds a certain
threshold shear velocity, usy. The commonly used aeolian sediment
transport models based on the experimental measurements show that
the equilibrium (saturated) sediment transport flux, G, is a function of
wind shear velocity and threshold shear velocity (Bagnold, 1937,
Kawamura, 1951; Hsu, 1971; Lettau and Lettau, 1977; Horikawa et al.,
1983). In this study, sediment transport was modelled using the trans-
port formulation proposed by Bagnold (1937) as follows:

¥l

— P |4, — 3
= C% 0 —(|uz| — us 1
7=t/ ) M

where q[kg/ms] is the sediment transport flux; C[—] is an empirical
constant related to the sediment particle size distribution, ranging from
1.50 for nearly uniformly distributed sediment particles to 2.80 for
widely distributed sediment particles; p,[kg/m®] is the density of air
(1.29kg/m®), g[m/s?] is the gravitational acceleration, d[m] is the nomi-
nal sediment particle size (3.00 x 10~ m ); D[m] is the reference sedi-
ment particle size (2.40 x 10~% m ); iz[m/s] is the wind shear velocity;
and us[m/s] is the threshold shear velocity. The wind shear velocity, u,
is calculated by:

U = @z 2)
Ve 7T

where 7 [N/m?| is the wind shear stress calculated at the bed of the
computational domain by solving the flow field using the airflow model
used in this study, OpenFOAM. The post-processing techniques provided
by OpenFOAM was used to extract the results of the bed shear stress
(z = 0 m) at the center of each grid cell across the entire domain.

As the wind-induced drag and lift forces on sediment particles in-
crease, there is a critical shear velocity at which the sediment particles
start moving. This threshold shear velocity, usy, is derived by Bagnold

3

Fig. 3. Illustration of the prevailing wind in the domain, wind incidence angle, 6,,, and the parameters used to characterize the gap ratio, g".
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Table 2
Parameters of the total 80 conducted simulations.

Dimensionless gap Spacing, s/w Gap Ratio, g Wind Incidence Angle, 6,

[-1 [-1 [°]
0.10 0.09 0, 20, 40, 60, 80
0.20 0.17 0, 20, 40, 60, 80
0.30 0.23 0, 20, 40, 60, 80
0.40 0.29 0, 20, 40, 60, 80
0.50 0.33 0, 20, 40, 60, 80
0.60 0.37 0, 20, 40, 60, 80
0.70 0.41 0, 20, 40, 60, 80
0.80 0.44 0, 20, 40, 60, 80
0.90 0.47 0, 20, 40, 60, 80
1.00 0.50 0, 20, 40, 60, 80
1.50 0.60 0, 20, 40, 60, 80
2.00 0.67 0, 20, 40, 60, 80
2.50 0.71 0, 20, 40, 60, 80
3.00 0.75 0, 20, 40, 60, 80
3.50 0.78 0, 20, 40, 60, 80
4.00 0.80 0, 20, 40, 60, 80

(1937) as:

iy = Ay [P ga &)

where A is an empirical constant dependent on the sediment particle
size; and p,[kg/m®] is the density of sediment (2.65 x 10%kg/m®). The
value of A is 0.1 for sediment particles greater than 8.00 x 107> m
(Nickling and Neuman, 2009).

The sediment transport flux, ¢, represents the sediment-carrying
capacity of incident wind parallel to the wind direction. In order to
predict the potential of wind to move sediments in the cross-shore di-
rection and towards the dune, the x component of ¢ is derived using the
local wind incidence angles as (Bauer and Davidson-Arnott, 2003;
Delgado-Fernandez and Davidson-Arnott, 2011):

qe = | q|.cosb, (€)]

where q.[kg/ms] is the sediment transport flux in the cross-shore direc-
tion (x component of ?); and 6,, is the local wind direction at each
computational grid.

Initial erosion and deposition patterns

In this study, we are investigating how the potential morphological
changes around beach buildings are influenced by the gap spacing be-
tween buildings and by the wind incidence angle. To evaluate the areas
at which the sediment particles are eroded or deposited around beach
buildings, the Exner equation is used, which describes the mass balance
between the deposited sediment on the bed and the sediment in trans-
port. The general form of the Exner equation is as follows (Paola and
Voller, 2005; Bauer et al., 2015):

aZb 1 = —

= _ v 5
o= pi-w e ®
where z,[m] is the bed level; t[s] is the time; and n[—| is the sediment
porosity (0.4). The equation states that the rate of changes in bed level
through time is proportional to the spatial divergence of the sediment
transport flux.

Results
Near-bed horizontal flow patterns
Impact of gap spacing

Fig. 4 shows the horizontal near-bed streamline patterns around a
row of ten full-scale beach buildings for different gap ratios, g", when the
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incident wind is perpendicular to the front face of the buildings, 6, =0".
It should be noted that in computations of the streamlines, the z
component of the velocity was not taken into account. For the sake of
brevity, among sixteen different tested gap ratios, only the results for the
five most important ones, consisting 0.09, 0.41, 0.47, 0.50 and 0.67 are
presented. These figures show that the flow patterns downstream of the
buildings are complex, and depend on the gap ratio between neigh-
boring buildings. This is due to the interactions between the jet flows
passing through the gap spacings between buildings and the deflected
flows due to the presence of buildings, moving around the lateral faces of
the buildings. The near-wake streamline patterns shown in Fig. 4 are
comparable with those observed for two adjacent wide rectangular ob-
stacles in wind-tunnel experiments by Luo et al. (2014).

For small gap spacing, g* = 0.09, the row of ten buildings effectively
forms one wide rectangular bluff body for the approaching wind. The jet
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Fig. 4. Horizontal airflow patterns at a near-bed plane, z = 0.25m, for6,, =0’,
and the gap ratio, g", is changed as a) 0.09, b) 0.41, ¢) 0.47, d) 0.50 and e) 0.67.
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flows passing through the small gap spacings between buildings are
negligible and the airflow is mainly split at the upwind face of the bluff
body, moving towards the lateral faces, see Fig. 4a. The deflected flows
are separated from the sharp trailing corners of the bluff body and form a
pair of large opposing vortices in the low-pressure zone just behind the
lee face of the body. The approximate longitudinal and spanwise di-
mensions of the downwind recirculation region are [r = 6.9w and wg =
10.98w, respectively. It should be noted that the location of the flow
reattachment point, shown in Fig. 4a, is determined by examining where
the streamwise velocity component, u, of the flow along the centerline of
the central gap spacing between buildings changes in sign from negative
to positive at z = 0.25 m. The length of the recirculation region, Iz, was
then computed as the distance between the reattachment point and the
lee face of the buildings. Furthermore, the width of the recirculation
region, wg, was computed as the length of the line that connects the
outer edges of the opposing vortices, and is located just behind the lee
face of the buildings (see Fig. 4a).

As the gap ratio increases to g = 0.41, the jet flows through the gap
spacings between neighboring buildings are enhanced. Jet flows are
detached from the surface when they encounter the sharp lee corners of
the buildings and inclined into different directions by the Coanda effect
(Yen and Liu, 2011). Therefore, two small counter-rotating vortices are
formed immediately downstream of the gaps. These smaller size vortices
are encompassed with a pair of larger vortices that are formed by the
deflected flows around the row of buildings, shown in Fig. 4b. It is
notable that the flow reattachment point appears at a closer distance
from the downwind faces of the buildings, and the approximate
streamwise length of the separation bubble decreases to [z = 6.5w.

The jet flows through the gap spacings between buildings become
more pronounced and the small vortices that form in the near-wake
region just behind the gaps grow in size as the gap ratio increases. For
g = 0.47, the jet flows become intense enough to maintain their initial
direction for a longer distance downstream of the buildings and disturb
the pair of larger vortices that surrounded the buildings row as whole. As
shown in Fig. 4c, the lee streamlines are intertwined due to the
confluence of the jet flows and the deflected flows. In addition, the
smaller vortices move from just behind the gap to just behind the
leeward face of the buildings, and form individual recirculation regions
behind each building.

The impact of neighboring buildings on each other becomes less as
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the gap ratio increases. For g = 0.50, the jet flows are slightly inclined
inward, and the downstream streamlines are compressed (Fig. 4d). For
far enough apart buildings with g* > 0.67, the jet flows stay parallel to
the incident wind, therefore the near-bed flow patterns can be regarded
almost independently from neighboring buildings (Fig. 4e).

The near-bed streamwise velocity distribution along the centerline of
the central gap spacing between buildings for eight different gap ratios
and 6,, = 0" is shown in Fig. 5. Also indicated in Fig. 5, the streamwise
velocity upstream of the buildings decreases dramatically for the closely
spaced buildings. For g < 0.29, a small reverse-flow region forms in
front of the central gap. As g* decreases to 0.09, the upwind streamwise
velocity reaches its minimum value at x = 28.30w, and its magnitude is
approximately 1/20 th of the free stream velocity far enough upstream
of the row of buildings.

The funneling effect through the gap spacing between buildings
causes the streamwise velocity to increase at the beginning of the gap.
For g' < 0.50, the larger the gap ratio, the farther and the greater
maximum streamwise velocity through the central gap. The peak
streamwise velocity through the central gap appears at x = 28.84w
when g = 0.09, and it increases by about 12 times at x = 29.55w as g
increases to 0.50. The streamwise velocity then begins to decrease right
after the maximum to some distance downstream of the gap, and then
increases to join the undisturbed flow far enough downstream of the
buildings. For g" < 0.47, the streamwise velocity becomes negative,
immediately behind or at some distance downstream of the central gap,
depending on the prominence of the smaller vortices just behind the gap,
and the pair of large counter-rotating vortices that form behind the row
of buildings. The smaller the gap size, the smaller the minimum
streamwise velocity, and the minimum is located closer with respect to
the lee of the central gap as shown in Fig. 5. For instance, the minimum
streamwise velocity appears at x = 33.30w for g* = 0.09, versus x =
35.30w for g = 0.50.

For g = 0.67 at which the neighboring buildings are far enough
apart to be considered almost independent from each other (Fig. 4e), the
decrease in streamwise velocity both in configurations with smaller g*.
In addition, for g" > 0.67, the funneling effect through the central gap
decreases, therefore the streamwise velocity increases less significantly
through the gap. For instance, the difference between the maximum
streamwise velocity through the central gap and the minimum

1.00 T
: — ]
075
0.50
T ,
8 0.25
3
S
0.00 e \//
—— g*=0.09 —— g*=0.50 \/
-0.25 g*¥ =029 —— g*=0.67
—— g* =041 g* =0.75
—— g*=047 —— g*=0.80
—0.50
20.0 225 25.0 27.5 30.0 325 350 37.5 40.0
x/w [—]

Fig. 5. Streamwise velocity, u, at z = 0.25 m, along the centerline of the central gap spacing between buildings for various gap ratios, g*, and 6, = 0". The dashed
blue vertical lines show the location of the buildings and hence the start and end position of the central gap. The reference wind speed is u. = 17 m/s. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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streamwise velocity in front of the central gap when g = 0.50, is 6.60
times that of for the g* = 0.80. Fig. 5 indicates that the streamwise
velocity behind the central gap spacing for configurations with larger g",
is significantly higher than that for configurations with smaller g,
meaning that a higher amount of sediment transport flux towards the
dune is expected just behind the central gap when the gap ratio is large.

Impact of wind incidence angle

The horizontal near-bed streamline patterns (at an elevation of z =
0.25m above the bed) around a row of ten full-scale beach buildings at
five different wind incidence angles, 6,, 0", 20", 40", 60", and 80", and a
constant gap spacing of g" = 0.67 are shown in Fig. 6. These figures
show that the near-bed flow patterns depend on both the gap spacing
between neighboring buildings and the incoming wind direction. Fig. 6a
shows that in the case of buildings oriented perpendicular to the incident
wind, 6,, = 0, there is only one wall in each building facing the wind.
Therefore, the approaching wind is split into two fractions of flow in
front of the wind-facing walls, wrapping around the streamwise faces of
the buildings, and creating a pair of recirculating vortices immediately
behind the downwind face of the buildings. The two branches of flow are
equal, and the downwind vortices are fully symmetric for buildings with
large enough gap spacing. In case of obliquely oriented buildings,
6w > 0°, there are two walls in each building facing the wind. The
orientation of the wind-facing walls relative to the incident wind de-
termines the location of the stagnation point at which the incoming flow
is split into two branches, and the fraction of flow steered to each side of
the building.

For 6, = 20°, the incident wind is split at the shorter wind-facing
wall of the buildings. Fig. 6b shows that a large fraction of flow is
steered towards the low-pressure region just behind the downwind faces
of the buildings. The deflected flows, reaching the sharp corners of the
buildings are separated from the surface, and form a recirculating flow
region that shows reversed flow just behind the longer downwind face of
the buildings. The size of the recirculating flow region and the flow
reattachment point depend on the positioning of the building in the row,
gap spacing between buildings and the constraint effect due to the
presence of the neighboring buildings. Therefore, the flow may reattach
at the shorter downwind face of the buildings (A) like the last building in
the row, the most downwind, where there is no neighboring building on
its right, or at the longer downwind face of the buildings (B) like the rest
of the buildings in the row. In case of flow reattachment at the longer
downwind face of the buildings, the flow reaching the upper right corner
of the buildings (in the top view) is again separated from the surface and
creates a small rotating vortex (C). The flow is then merged with the
deflected flow at the other side of the buildings to join the undisturbed
flow far enough downstream of the buildings.

As the wind incidence angle increases to 6, = 40°, the stagnation
points move to the lower left corners of the buildings (D), and a large
portion of the flow follows the longer wind-facing wall of the buildings.
The reverse flow regions just behind the longer downwind face of the
buildings grow for more oblique wind (E) as Fig. 6¢ shows. A small
rotating vortex forms at some distance downstream of the shorter
downwind face of the middle buildings (F), which is bounded on the
outside by the deflected flow towards the longer wind-facing wall. This
vortex disappears at the first building in the row, the most upwind, as
the compressed flow spread out when there is no neighboring building
on its left. In addition, the last building in the row does not face an
obstruction in front, therefore these two vortices grow and cover the
whole surface of the downwind walls, creating a separation bubble with
two large asymmetric opposing vortices.

For 0, = 60, the separation point appears at the longer wind-facing
wall of the buildings (G), and the flow pattern except the last building in
the row, is characterized by one large vortex just behind the longer
downwind face (H), and two small vortices behind the shorter down-
wind face of the buildings (I). For more oblique winds, the row of
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buildings effectively forms a single long bluff body, see Fig. 6d. There-
fore, the deflected flow around the first building in the row affects the
flow downstream of the rest of the buildings so that the streamlines bend
slightly inwards, pushing the two small vortices behind the shorter
downwind face of the buildings towards the buildings. This flow shel-
tering due to the most upwind building in the row is more intense for
0, = 80°, in which the two small vortices almost disappear (J). As
shown in Fig. 6e, the large elliptical vortex behind the longer downwind
face of the buildings (K) rotate so that the longer diagonal of the vortex is
along z direction rather than in x direction.

The changes in near-bed x component of velocity along the center-
line of the central gap spacing between buildings for five different wind
incidence angles, and g" = 0.67 are shown in Fig. 7. As shown in Fig. 7,
the higher the wind incidence angle, the smaller the x component of
velocity upstream of the buildings. In addition, for all wind incidence
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angles, the x component of velocity decreases in front of the central gap.
The difference between the highest x component of velocity far enough
upstream of the buildings, and the lowest x component of velocity in
front of the central gap decreases for more oblique winds. For instance,
the decrease in x component of velocity from highest to the lowest value
upstream of the central gap when 6,, = 0 is 4.87 times greater than that
of for 9, = 80°".

For 6, < 60°, the x component of velocity is then increased to an
initial peak as the flow enters the central gap due to the funneling effect.
In case of buildings that are placed perpendicular to the incident wind,
0, =0, the flow decelerates and the x component of velocity gradually
decreases through the remaining central gap to some distance down-
stream due to the flow expansion. As the incident wind becomes oblique,
6, =20",40" and 607, a recirculation region forms just behind the
longer downwind face of the buildings, causing a small decrease in the x
component of velocity through the central gap. The incoming flow
passing the central gap is constrained by this recirculation region and
the deflected flow due to the presence of the neighboring building. The x
component of velocity shows two local maximums because of the
funneling effect between the buildings and the recirculation region
added together. It should be noted that the flow pattern is slightly
different for 6, = 80" compared to the other wind incidence angles
greater than zero. The initial peak appears immediately in front of the
central gap at x = 28.50w. The x component of velocity decreases
slightly when the flow enters the gap, which is due to the change in the
orientation of the elliptical vortex when 6,, = 80" (Fig. 6e). In addition,
the second peak of the x component of velocity appears earlier at x =
30.30w, which is located inside the central gap.

As Fig. 7 shows, the higher the wind incidence angle, the lower the
initial peak. The second peak of the x component of velocity is always
higher than the initial peak for ,, > 20", and the maximum value occurs
for 6,, = 40’. The x component of velocity at the second peak when 6,, =
40" is 3.80 times greater than that for 6, = 80°. Furthermore, the x
component of velocity behind the central gap spacing when 6,, < 40° is
significantly higher than the other two wind incidence angles. There-
fore, the lowest duneward sediment transport flux behind the central
gap is expected for the two most oblique winds. To understand which
combination of the gap spacing between buildings and wind incidence
angle result in the greatest amount of sediment transport towards the
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dunes, more quantitative justifications are needed. This will be dis-
cussed in section 3.3.3.

Wind shear stress at the bed

Impact of gap spacing

The spatial variability of the bed shear stress magnitude, | 7’|, around
the row of buildings with five gap ratios that generated different airflow
patterns in the near-wake region, for 8,, = 0" is shown in Fig. 8. The bed
shear stress results can be explained by the airflow patterns and velocity
shown in Figs. 4 and 5, respectively. A shadow zone with low bed shear
stress develops just behind the lee face of the buildings (blue-shaded
colors) as a result of flow pattern in the separation bubbles and vortices
that form in the near-wake region. For smaller gap ratios, g = 0.09 and
g" = 0.41, another region with low bed shear stresses develops,
depending on the location where the flow reattachment occurs (Fig. 8a
and b). As the gap ratio increases, the bed shear stress becomes higher in
the gap spacings between neighboring buildings, and immediately
behind the gaps (dark, red-shaded colors). This corresponds to high
velocities between the buildings (Fig. 5). For closely placed buildings,
whereg" = 0.09, the flow passing through the gap spacings is negligible,
therefore the increased bed shear stress in gaps is not apparent
compared to larger gap ratios. Furthermore, two zones of high bed shear
stress form on the outside of the row of buildings extending downstream.
The intensity and the extension of these areas mostly depend on the gap
spacing between buildings, the extent at which the air is blocked in front
of the upwind faces of the buildings, is deflected towards the external
buildings in the row, and being separated with high wind speeds from
the sharp corners. For buildings that are placed sufficiently far apart,
g = 0.67, the flow passing the gap spacings is more pronounced.
Therefore, the flow blockage due to the presence of buildings, the
deflected flows to the ends of the row of buildings, and the wind speed of
the separated flows from corners is less substantial, producing areas with
lower bed shear stresses around the buildings compared to smaller gap
ratios. Similarly, the decreased bed shear stress just in front of the up-
wind faces of the buildings can also be explained by the flow blockage
due to the presence of buildings. The closer the buildings, the lower the
bed shear stress in front of the buildings.
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0 N
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Fig. 7. X component of velocity, u, at z = 0.25 m, along the centerline of the central gap spacing between buildings for various wind incidence angles, 6,,, and g =
0.67. The dashed blue vertical lines show the location of the buildings and hence the start and end position of the central gap. The reference wind speed is u.s = 17
m/s. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Impact of wind incidence angle

The spatial variability of the bed shear stress magnitude, |7 |, around
the row of buildings under five different wind directions, for g* = 0.67 is
shown in Fig. 9. The bed shear stress results for different wind incidence
angles show more complex patterns than with the varying gap ratios, but
the overall patterns with respect to the wind-facing walls of the build-
ings are similar to those for the different gap spacings. For all incidence
angles, the lowest bed shear stresses (blue and green-shaded colors)
occur in front of the wind-facing walls of the buildings, and in the
reverse flow region behind the downwind face of the buildings. For 6,, =
60" and 6,, = 80, the second to tenth buildings in the row are sheltered
by the most upwind building (first building in the row). Therefore, the
near-wake region behind buildings is characterized by a larger area of
low wind shear stresses than in the other wind incidence angles.
Furthermore, the increased bed shear stress (dark, red-shaded colors) in
the gap spacings between buildings strongly depend on the size, loca-
tion, and orientation of the circulating vortices right next to the down-
wind faces of the buildings (see Fig. 6). The larger separation bubble just
behind the buildings confines the flow passing through the gap spacings
and thus increases the funneling effect downstream of the gaps. As
shown in Fig. 9b, at which 6,, = 20, the areas with increased bed shear
stress are narrower but longer, while Fig. ¢, at which 6,, = 40", shows
the wider but shorter areas with increased bed shear stress downstream
of the gaps.

Sediment transport

Impact of gap spacing

The duneward sediment transport flux, q., distribution at the bed of
the computational domain around a row of ten full-scale beach buildings
with five different gap ratios for ,, = 0" is shown in Fig. 10. Results for
each examined gap ratio show that the duneward sediment transport
flux is greatest (red-shaded colors) through the gap spacings between
buildings, and around the both ends of the row of buildings towards
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downstream. The lowest values of the duneward sediment transport flux
occur in front of the windward face of the buildings, and behind the
buildings, especially in the near-wake region in the wind shadow of
buildings. It should be noted that the zero-duneward sediment transport
flux is associated with the alongshore local wind directions, and the
locations where the wind shear velocity, u-, is less than threshold shear
velocity, u«y. Furthermore, the negative sediment transport flux occurs
within the separation bubble just behind the buildings or in front of
buildings, where the flow direction is in opposite direction relative to
the prevailing wind direction.

Impact of wind incidence angle

The duneward sediment transport flux, q., distribution at the bed of
the computational domain around a row of ten full-scale beach buildings
under five different wind directions, for g = 0.67 is shown in Fig. 11.
Results show that the duneward sediment transport flux is lowest for the
two most oblique wind directions, 6,, = 60" and 6,, = 80". This means
that the sediment particles are likely to be transported laterally as the
prevailing wind direction becomes more alongshore rather than cross-
shore. Furthermore, for g = 0.67, a slightly oblique wind direction,
where 6,, = 20°, causes sediment transport to continue longer down-
stream. This might increase the chance that the sediments from the
beach reach the dune toe and be deposited somewhere in front of the
dune or to maintain transport and being deposited further over the dune.

Comparison between different configurations

In the two previous sections, we focused on the systematic study of
how the gap spacing between buildings and the dominant wind direction
affect the spatial structure of potential sediment transport towards the
dunes. However, to be able to systematically investigate the combined
impact of gap spacing and the wind direction, we need to quantify the
sediment transport in the downwind direction. In order to make an
explicit comparison between 80 tested simulations, consisting of 16
different gap spacings, each tested for five different wind directions, a
method is needed to find a single representative number for duneward
sediment transport in each simulation, which can be compared between
different simulations. For this purpose, two lines in the alongshore di-
rection, 2, are defined downstream of the row of buildings. Fig. 12 dis-
plays that line 1 and line 2 are located 5 m, and 70 m downstream of the
lee face of the buildings, respectively. These two lines were selected,
because the beach buildings are mostly placed at 5 —10 m distance from
the dune toe. Line 1 is thus representative of a typical location of a dune
foot, whereas Line 2 represents a location much further downstream, i.e.
somewhere well inside the dunes (but without actually modelling the
dunes themselves). The average duneward sediment transport flux in x
direction is then computed over these lines for all simulations with
different combinations of gap spacing and wind direction. In order to
compare the net effect of buildings on duneward sediment transport, the
average transport flux along line 1 and line 2 in an empty domain
without buildings, g, are subtracted from the average transport flux in
the domain including buildings, g.. The results are shown in Fig. 13,
where each point corresponds to an individual simulation.

The blue shaded colors in Fig. 13 show g, < ¢, indicate that the
duneward sediment transport passing a given line in the presence of
buildings is less than when there is no building at the beach. Similarly,
the red shaded colors, g, > Qerys denote that the duneward sediment
transport passing that line increases when the buildings are placed at the
beach compared to the empty beach. In case of closely spaced beach
buildings, g < 0.67, the buildings contribution on duneward sediment
transport passing line 1 is small and mostly negative (see Fig. 13a). In
this situation, the highest positive effect of buildings on duneward
sediment transport occurs when 6,, = 20°. As the gap ratio increases,
g’ > 0.67, the duneward sediment transport in the presence of buildings
compared to the situation without buildings, is decreased for 0" and 80
winds, while it is enhanced for other wind directions. The highest
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Fig. 9. Spatial distribution of bed shear stress magnitude, | 7’|, when g* = 0.67, and the wind incidence angle, 6,, is changed as a) 0°, b) 20", ¢) 40°, d) 60", and

e) 80°.

enhanced duneward sediment transport due to the buildings occurs
when 6,, = 40" and 6,, = 60°.

Further downstream of the row of buildings, the buildings contri-
bution on duneward sediment transport passing line 2 is positive in
almost all combinations of the gap spacings and the wind directions (see
Fig. 13b). Results show that the highest enhanced sediment transport
towards the dunes due to the presence of buildings occurs for 20" winds.
Furthermore, the difference between the duneward sediment flux leav-
ing line 2 in the situation with and without buildings is higher for closely
spaced buildings compared to when buildings are far apart from each
other.

The exact values of the average duneward sediment transport flux
due to the presence of buildings, gc —q.,,, for 80 tested simulations
computed along line 1 and line 2, shown in Fig. 13, are presented in
Table 3 and Table 4, respectively, in the appendix.

Initial changes in bed elevation

The Exner equation, Eq. [5], is used to compute the initial bed evo-
lution on the basis of mass continuity. This approach relates the tem-
poral changes in bed elevation, dz,/0t, to divergence or convergence in

sediment transport flux, V-¢q. Fig. 14 presents the initial erosion and
deposition patterns derived from the Exner equation for three different
gap ratios. To validate the model results, the initial bed level change
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computed by the numerical model are qualitatively compared with the
deposition pattern observed around a row of three scaled beach build-
ings shown in Fig. 15. The experiments were conducted by Poppema
et al. (2022) to investigate the impact of gap spacing between scaled
beach buildings, and the buildings orientation at the beach on the
sediment deposition pattern that develop around buildings. Although
there are some differences between the numerical and experimental
model setup, the deposition patterns are comparable. The differences
between field and model include the number of tested buildings in the
row, buildings dimension, wind speed, multi-directional wind at the
beach, supply-limited conditions at the beach i.e. moisture, existing
ripples, and other roughness elements such as shells at the beach.

As shown in both Fig. 14a and 15a, in case of closely spaced buildings
(beside each other at the field experiment), the row of buildings act more
like a very wide building where sand deposited in the low-speed region
in front of the upwind face of the large building and formed a continuous
horseshoe-shaped deposition area. This upwind deposition indents in
both numerical model and experiment as the gap ratio increases to 0.50
(see the black ovals in Fig. 14b and 15b). Furthermore, results show that
short, triangulated deposition tails form just behind the gap spacing
between two neighboring buildings. Based on the numerical results
shown in Fig. 14c, for larger gap ratio, 0.67, these inner deposition tails
split up into two longer and narrower deposition tails that wrap around
the buildings and continue to some extent downstream. Fig. 15c shows a
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Fig. 10. Spatial distribution of duneward sediment transport flux, q., when 6,, = 0°, and the gap ratio, g, is changed as a) 0.09, b) 0.41, ¢) 0.47, d) 0.50, and e) 0.67.

different shape of the inner deposition tails in the field. This difference
might be because of the temporal changes in the wind direction at the
beach. As the wind swings between two bounding directions, two
adjacent tails gradually merge, and form a single deposition tail down-
stream of the gaps. The darker red colors in Fig. 14c show that the two
outer deposition tails tend to become shorter as the size of the gap in-
creases. In addition, the upwind depositions form at a closer distance
relative to the upwind faces of the buildings, and their peaks become
almost separate from neighboring peaks.

Discussion

The aerodynamic behavior of wind flow around adjacent beach
buildings is an interesting coastal engineering problem, because of the
influence that these complex flows might have on the sediment supply
from the beach to the dunes. Also, the sediments might accumulate
around the buildings and cause failure of the buildings structure. In

11

addition, the arrangement of the structures can influence the sand
transport directing it towards the toe or top of the dunes downstream of
the buildings. The latter helps the natural flood defense functioning of
the dunes. The airflow patterns that developed in the near-wake region
behind the row of buildings in this study are consistent with those
observed in wind-tunnel experiments of previous studies.

For example, the observed variations in flow patterns for different
tested gap ratios in the wind-tunnel experiments conducted by Luo et al.
(2014) are comparable with our findings in Fig. 4. Although we exam-
ined ten full-scale longitudinal buildings compared to two wide small-
scale buildings tested in Luo et al. (2014), the flow mechanisms pro-
posed by them are still recognizable in our model results. We tried a
wider range of gap ratios, g 0.09-0.80, compared to
g* =0.09-0.44 of Luo et al. (2014), and observed that almost all
switches in flow behavior when the gap size increases occur at a larger
gap ratio than those suggested by Luo et al. (2014). Comparing their
flow classification based on the mean streamlines in the near-wake
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region, with the streamlines in our steady-state simulations (see Fig. 4),
we observed the single-vortex flow pattern at g* = 0.09, gap-enveloped
flow pattern at g = 0.41, wake-interference flow pattern at g = 0.47,
and at g" > 0.50 the streamlines of our simulations seem to correspond
well with their time-averaged coupled vortex-street flow pattern.
Furthermore, wind-tunnel results for the coupled vortex-street mode, i.
e. g =0.44 in Luo et al. (2014), show almost symmetric counter-
rotating vortices just behind the lee face of both buildings. However,
the streamlines downstream of the reattachment point of flow is not
fully parallel with the dominant wind direction. Therefore, the gap ratio
of 0.44 appears to be the critical gap spacing below which the airflow
patterns around buildings are affected by the neighboring building. Our
numerical model results showed almost independent flow patterns,
when g* > 0.67 (see Fig. 4e). At first glance, we could attribute this lag
in flow patterns to the scale at which the buildings are modelled
experimentally and numerically. The field experiments around scaled
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buildings at the beach, performed by Poppema et al. (2022), however
showed the same critical gap ratio, g* = 0.67 —0.75, as observed for our
numerical model results. This is likely because even though the
geometrical scales in the numerical model and field experiments are
different, the frontal width-to-height aspect ratio, w/h, in both our
simulations and scaled models at the beach is similar, w/h = 1.

The difference in the length of the area with low bed shear stress
(green-shaded colors in Fig. 9b, ¢ and d) behind the leading building in
the row can be explained by the flow patterns shown in Fig. 6. For 6,, =
20°, the short face of the buildings is the windward face. The flow
streamlines in the wake region downwind of the buildings are almost
parallel to each other (Fig. 6b). As the wind incidence angle increases to
6, =40, the wind is separated at approximately the lower left corner of
the buildings. The results showed that the downwind flow behind the
reattachment point of the leading building is slightly inclined compared
to the direction of the downwind streamlines behind the rest of the
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Fig. 12. The location of the two lines downstream of the buildings, that the average duneward sediment transport flux is computed along.
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Fig. 13. Comparison of the net impact of buildings on average duneward
sediment transport flux, qc —qc,,, between 80 different combinations of gap
ratio, g', and the wind incidence angle, 6,,, computed along a) line 1, and b) line
2, which are located at 5 m and 70 m downstream of the row of buildings
(shown in Fig. 12), respectively.

buildings in the row (Fig. 6¢). For more oblique wind direction, 6,, =
60°, the long face of the buildings is facing the wind. The buildings tend
to act more like a very long building against the wind. Therefore, the
vortices behind the buildings are smaller, the reattachment points
downwind of the buildings get closer to the lee face of the buildings and
the downwind streamlines become curved. It seems that the deflected
flow around the leading building pushes the flow behind the other
buildings in the row (Fig. 6d). The wind-induced friction behind the
leading building depends on the extent to which the flow momentum is
being pushed by the deflected flow around the leading building. This
could be an explanation for the various length of the region with low bed
shear stress behind the leading building when buildings are exposed to
different wind incidence angles.
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Comparisons between the bed level changes based on the numerical
model and field experiments show generally good agreement. However,
there are some differences between numerically predicted erosion and
deposition patterns and those observed at the beach. There are several
reasons that can be put forth to explain the differences. The first reason
is that the scale of tested buildings and the number of buildings placed
besides each other in the numerical model differs from those used in the
field study by Poppema et al. (2022). In the field study, three scaled
beach buildings with the length, width, and height of 1 x 0.5 x 0.5 m
were placed at the beach, while considering the same frontal aspect
ratio, we tested ten full-scale buildings of size 6 x 2.5 x 2.5 m. Secondly,
the actual wind field at the beach is unsteady, with the wind direction
and speed show strong variations over time, whereas in the model the
wind speed and direction are not varying. Although, the one-day ex-
periments by Poppema et al. (2022) limits the variations in wind con-
dition, the variation could potentially influence the shape and size of the
bed topography patterns. Thirdly, we considered the transport-limited
(i.e., not supply-limited) condition in our model, such that the bed of
the numerical domain can unlimitedly provide sediment particles. The
bed in the model is fully dry and flat, and consists of non-cohesive and
uniformly-graded particles. However, there are some adverse impacts at
the real beach bed that lead to the supply-limited condition, in which the
capability of the bed to supply sediment particles becomes limited.
Conditions that limit the sediment availability at the beach include bed
moisture content, vegetation, ripples, sediments sorting, slope, and
beach armoring (Delgado-Fernandez, 2010; Nolet et al., 2014; Silva
et al., 2018; Hoonhout and de Vries, 2019). This might be the reason for
the differences observed in the deposition region around scaled beach
buildings, and more horse-shoe shaped deposition in the numerical
model. Finally, we assumed a uniform aerodynamic roughness length,
2o, for the bed surface of the numerical model domain, but uniformity is
not likely in reality where grains of different sizes occur and small-scale
bedforms will also influence the roughness. Next to this the bed level
changes derived from Exner equation, are the initial patterns developed
at a flat beach where the local morphological feedback has not been
taken into account. The erosion and deposition patterns developed
around buildings change the beach topography, which might locally
influence the wind speed and direction, and in turn alter the wind-
induced shear stresses. Furthermore, the actual beach bed consists of
spatially different roughness. This is due to the existence of shells,
vegetation, and sand grains with different sizes. Although the above-
mentioned differences between the actual beach situations and our
model assumptions exist, the comparisons between the field observa-
tions and our numerical model results are in good agreement.
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Table 3
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Net buildings-induced average duneward sediment transport flux,q. —qc,, [x10~* kg/m/s], along line 1 for 80 different combinations of gap ratio, g, and the wind
incidence angle, 6,,, corresponding to Fig. 13a.

g [ 0.09 0.17 0.23 0.29 0.33 0.37 0.41 0.44
0ul°]
0 2.36 4.46 2.49 -0.13 —2.04 —-3.68 —5.64 -9.91
20 13.04 13.68 16.20 1351 16.36 15.12 14.73 9.47
40 —2.81 -3.59 -3.78 —-5.89 —5.01 —6.79 —6.63 —-9.91
60 -16.15 —-17.18 —17.96 —18.83 —19.28 —19.75 —20.16 —20.70
80 —6.10 —6.50 —6.88 —7.26 -7.59 -7.87 -8.18 —-8.49
ras| 0.47 0.50 0.60 0.67 0.71 0.75 0.78 0.80
0u°]
0 —13.45 —18.50 —-14.17 —13.85 —7.40 —7.58 -7.90 -12.78
20 7.99 4.94 33.28 41.79 41.64 40.86 35.06 26.94
40 -10.12 —11.85 12.51 68.07 93.78 83.64 68.77 55.92
60 —20.94 —21.66 —21.26 —-0.84 32.05 64.34 84.81 90.07
80 —8.60 —8.81 —-9.36 —9.60 —9.34 —8.66 —-8.25 —-8.69
Table 4

Net buildings-induced average duneward sediment transport flux, gc —qc,, [x 10~* kg/m/s], along line 2 for 80 different combinations of gap ratio, g*, and the wind
incidence angle, 6,,, corresponding to Fig. 13b.

g [ 0.09 0.17 0.23 0.29 0.33 0.37 0.41 0.44
0,01
0 100.57 106.33 101.86 94.79 86.67 77.29 70.83 55.24
20 127.86 131.74 138.81 133.85 142.54 137.17 137.25 126.64
40 77.80 79.14 80.90 77.21 79.78 75.08 74.91 69.14
60 27.84 27.73 28.45 27.64 27.93 27.01 26.16 24.09
80 9.09 9.13 9.10 9.10 9.30 9.20 8.88 8.27
&L 0.47 0.50 0.60 0.67 0.71 075 078 0.80
0,01
0 46.64 3215 28.68 15.38 11.20 4.44 1.40 ~6.90
20 130.17 125.59 114.78 103.09 98.37 95.82 93.17 86.06
40 70.74 69.10 67.08 66.87 69.17 66.23 64.51 61.93
60 23.07 21.42 18.13 20.02 20.18 19.15 19.26 19.25
80 8.73 8.53 8.63 10.39 11.38 12.24 12.50 12.51
50 50
a) g* =0.09 c)g*=0.67
45 )9 45 ) g
40 40
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Fig. 14. Initial erosion and deposition patterns, dz,/ot, for 6,, = 0°, and the gap ratio, g, is changed as a) 0.09, b) 0.50, and c) 0.67.
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Fig. 15. Field measurements by Poppema et al. (2022) of bed elevation around a row of scaled beach buildings, when 6,, = 0, and the gap ratio, g’, is changed as a)
0, b) 0.50, and c) 0.67. Figures were derived using a digital elevation model, where the elevations are computed relative to a fitted linear surface (see Poppema

et al., 2022).
Conclusion

This study aims to understand how the airflow characteristics and
wind-induced bed shear stress, which directly affect the sediment
transport and bed topography, are influenced by the positioning of
buildings at the beach. This research focused on a row of ten buildings
having systematic changes in the gap spacing between two neighboring
buildings, and the incident wind direction relative to the buildings.

Our findings showed that the gap ratio, g°, between neighboring
buildings is a key parameter in flow behavior and resulting bed shear
stress in the vicinity of buildings, which determines the sediment
transport and bed elevation around and in between buildings. We found
that the flow through the gap between buildings placed very close to
each other, g* = 0.09, is limited. Therefore, the increased bed shear
stress through the gaps is not apparent, and the results showed no
deposition in the lee of the gaps. The closely-spaced buildings mainly act
as a single building, creating a continuous large horseshoe-shaped
deposition region starting at some distance upstream of the upwind
faces of the buildings. Furthermore, two deposition tails develop around
the corner buildings in the row and extend downstream of the buildings.

The flow through the larger gap spacings, i.e. g > 0.50, significantly
increases due to funneling effects, while the wind speed begins to
decrease afterwards. This flow deceleration causes some of the sediment
in transport to be deposited as so-called sand drift in the lee of the gaps.
In addition, our findings showed that the upwind deposition becomes
indented and develops at a closer distance relative to the upwind faces of
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buildings for larger gap ratios. For g' > 0.67, both flow patterns and
initial erosion and deposition patterns develop mostly independent from
neighboring buildings. The jet flows passing through gaps between
buildings remain parallel to the incident wind, and the separated flows
from upwind edges of each building create a pair of opposing vortices
just behind the lee face of buildings without interfering with the airflow
around adjacent buildings. The upwind deposition peaks become sepa-
rated from each other, and the length of the outer deposition tails de-
creases and becomes almost equal to inner deposition tails. It should be
noted that the sand drifts no longer develop downstream of the gaps, and
instead two deposition tails wrap around individual buildings and
extend farther downstream than sand drifts in g° < 0.67 conditions.
Another key factor that largely affects the size and the location at
which the vortices form around buildings, is the wind incidence angle.
Depending on the dominant wind direction, the separation bubble
downwind buildings might locate behind the smaller face of the build-
ings or in between two neighboring buildings and close to the longer
face. The latter would obstruct the incoming wind from entering the gap
spacing and moving downstream towards the dunes. On the other hand,
the wind entering the narrow space bounded on one side by the outer
edges of the recirculation vortex downwind of the building, and on
another side by the diverted flow from the sharp edge of the next
building, experiences a funneling effect. Upon leaving this narrow gap,
the flow expands and decelerates downstream, leading to the formation
of larger sand drifts. It is noteworthy that these flow behaviors strongly
depend on the gap spacing between buildings and the dimension of the
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buildings. Furthermore, we found that for 6, > 60°, the streamlines
behind the flow reattachment point downstream of the second to the last
building, are influenced by the diverted flow from the sharp edges of the
most upwind building in the row. This leads to slightly bent streamlines
directly behind the reattachment point instead of straight streamlines
parallel with the dominant wind direction. As wind direction increases
to 6, = 80’, the flow pattern around buildings is mostly similar to those
developed around a very long building, when the wind is almost
perpendicular to the shorter face of the long building. Therefore, results
show that the orientation of vortices form just behind the downwind
face of buildings change for 90 degree compared to less oblique winds
(the longer diagonal of the elliptical vortices in x direction).

To determine the combined impact of gap spacing and wind direc-
tion on sediment transport rate towards the dunes behind the row of
buildings, we determined the average of transport flux along two
different lines located at 5 m and 70 m downstream of the buildings. We
have checked other distances as well, and have seen that 5 m and 70 m
are representative of a typical location of a dune foot and a location well
inside the dunes, respectively. The average sediment transport along
these lines was used as the representative numbers for duneward sedi-
ment transport that could be compared between 80 different combina-
tions of the gap ratio and wind direction. This approach is useful for
coastal designers to compare complex building configurations and find
an optimal building positioning at the beach to minimize the dunes
erosion or enhance the dunes growth. We found that, different than our
expectations, buildings might have positive effects on the duneward
sediment transport. Complex flow patterns develop as a result of the
presence of buildings at the beach, which could steer more sediments to
the dunes. Results showed the maximum duneward sediment transport
across a line 5 m downwind of the buildings occurs when g = 0.71 and

w = 40°; while the maximum along 70 m downwind of the buildings
would occur for the combination of g* = 0.33 and 6,, = 20°. Therefore,
these findings motivate further research whether an optimum distance
exists between a row of beach buildings and the dune foot so that it
maximally promotes the sediment transport from the beach to the dunes
under natural (variable) wind conditions.
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