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Abstract: Worldwide, buildings are present at the beach and in the dunes for
recreation or habitation. Their presence can affect the beach-dune development,
because they affect the airflow and Aeolian sediment transport in their
surroundings. This might eventually have repercussions for coastal safety. We start
examining these effects by studying the local sedimentation and erosion patterns
around buildings. Hereto, we placed scale models of buildings on the beach. The
sedimentation and erosion patterns around the models were measured using
structure-from-motion photogrammetry. In general, the air flow around bluff bodies
like buildings forms a horseshoe vortex. This creates deposition and erosion patterns
in a horseshoe shape. For nearly all scale models, the upwind part and downwind
tails of the horseshoe showed deposition. The horseshoe deposition at the building
sides was sometimes visible, also depending on building orientation. Frequently,
smaller erosion and/or deposition areas also developed between the horseshoe
deposition and the building.

Introduction

Worldwide, urbanization and a demand for recreation have led to buildings being
built at the beach-dune interface. This occurs in the form of houses for
recreational seasonal use or permanent habitation, hotels, restaurants and
commercial stalls (Jackson & Nordstrom, 2011). In the Netherlands, there is an
increasing demand for these buildings and a shift to more year-round present
restaurants (Hoonhout & Waagmeester, 2014). A similar trend is found in other
countries, both for coastal tourism in general (Hall, 2001; Moreno & Amelung,
2009) and the number of buildings at the beach-dune interface (Schlacher et al.,
2008; Malavasi et al., 2013).

All these buildings alter the wind field and the related wind-driven sediment
transport in their vicinity. They can decrease the wind speed and promote
sedimentation in their surroundings, for instance in front of buildings and at the
lee side of buildings (Nordstrom, 2000; Jackson & Nordstrom, 2011; Smith et al.,
2017). Conversely, air flow in between buildings can also be accelerated, causing
local erosion and increased sediment transport (Nordstrom, 2000; Jackson &
Nordstrom, 2011). The same effect can be seen under houses on pilings, where a
scour zone can commonly be found (Nordstrom & James, 1985; Jackson &
Nordstrom, 2011). Furthermore, an increased turbulent intensity in the wake of
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houses can promote an increase in sediment transport (Smith et al., 2017).
Continuous lines of buildings can also form a barrier for sediment transport,
separating dunes from their beach or foredune sources and thereby causing fetch
segmentation (Jackson & Nordstrom, 2011; Smith et al., 2017).

Aeolian sediment transport from the beach to the dune zone is essential for long-
term coastal safety. Dunes protect the hinterland against flooding and provide a
high ground to live on. They need an influx of sand to balance natural dune
erosion caused by storms (Morton et al., 1994; Keijsers, 2015), to keep step with
(relative) sea level, and to compensate for the expected increase in hydrodynamic
erosion due to climate change (Carter, 1991; Keijsers, 2015; De Winter &
Ruessink, 2017).

The combination of 1) a worldwide presence and demand for buildings at the
beach-dune interface; 2) their effect on the Aeolian sediment transport and beach-
dune morphology; and 3) the importance of Aeolian sediment transport for coastal
safety, necessitates a proper understanding of how buildings on the beach-dune
interface affect their environment. The first step in this research is to describe the
local erosion and sedimentation patterns around a building and define generic
patterns from these observations. To determine these erosion and deposition
patterns, scale experiments on the beach will be used with various configurations
of buildings. The first of these field experiments were conducted in the fall of
2018, examining single buildings in isolation, placed directly on the ground.

In this paper we first describe the air flow around buildings and the expected
sedimentation and erosion patterns (the theory section). Next, in the methodology
we specify the set-up of our experiments. The results section gives a qualitative
overview of the different types of sedimentation and erosion patterns that
occurred during the experiment. Finally, the paper ends with a discussion and
conclusion.

Theory

The wind around a bluff object like a building forms a horseshoe vortex (Hunt,
1971; Peterka et al., 1985; fig. 11 Martinuzzi & Tropea, 1993). A stagnation zone
exists around % to ¥ of the building height. Above this zone, wind is diverted
upward and to the sides. Below this zone, the pressure caused by the wind profile
diverts the wind downward and to the sides (Peterka et al., 1985). These upward
and sideward flows separate from the front of the building at the edges. Upwind
of the building, the increased pressure and downward flow cause a reverse flow
close to the ground. This creates a rotating vortex in front of the building, that is
wrapped around the building in a horseshoe shape (Hunt, 1971; Peterka et al.,
1985; Martinuzzi & Tropea, 1993).



The separated flow over the building edges can reattach at the top and side of the
building before it reaches the back of the building. Whether it reattaches depends
on the building’s length-to-width and length-to height ratio and on the turbulent
intensity (Hunt, 1971; Peterka et al., 1985). If flow reattachment does not occur,
the flow at the side and top of the building forms one big recirculation cell with
the flow behind the building. If flow reattachment occurs, a separate recirculation
cell is formed behind the downwind edges of the building. Within the
recirculation cell, two standing vortices occur at the building corners, forming an
arch behind the building (Peterka et al., 1985; Martinuzzi & Tropea, 1993).

Deposition and erosion patterns around buildings are the direct effect of these
wind flows and often follow the horseshoe shape. Although little research exists
on the Aeolian erosion and deposition of sand around buildings, multiple
experiments on the deposition and erosion of snow were conducted (Thiis &
Gjessing, 1999; Oikawa & Tomabechi, 2000; Thiis, 2003; Liu et al., 2018).
Although there are some differences with sand — most notably the lower density
and cohesion of snow and the possibility of snow fall — the wind field and
processes are similar, so these experiments still provide insight on the Aeolian
erosion and deposition of sand around bluff bodies like buildings.

In field experiments on the snow drift around a cube with sides of 2.5 m, Thiis
and Gjessing (1999) observed a deposition horseshoe. Following the
nomenclature of figure 1, the upwind horseshoe deposition was clearly separated
from the building front. The lateral horseshoe depositions were absent and the
downwind horseshoe depositions were present. These downwind depositions,
also called deposition tails, differed in length due to an oblique wind angle. Close
to the building no (inner) deposition was observed. The lack of a downwind inner
deposition was probably caused by the windspeed, that was too low to cause
suspensive transport that could be blown over the cube. In a later study of Thiis
(2003), downwind inner deposition developed especially after a stronger wind
event (15 m/s). Lateral horseshoe depositions were again barely visible.

In other experiments, snow accumulation was observed around cubes under
conditions of combined snow drift and snow fall. Using cubes of 0.5 m and wind
speeds from 0.5 to 4.5 m/s, Liu et al. (2018) found that at low wind speed (1.5
m/s), a deposition horseshoe developed, touching the front of the building and the
back corners. At 3.5 m/s, two elevation maxima developed upwind of the cube
(so indicating upwind horseshoe deposition and upwind inner deposition). At 4.5
m/s, these areas were actually separated by an upwind erosion area. Upwind of
the cube, Oikawa and Tomabechi (2000) found that the inner erosion depth and
horseshoe deposition depth increased with wind speed (using 1m-sized cubes and
day-averaged wind speeds from 1.5 to 5 m/s). Below the threshold velocity (4
m/s), wind speed also had a positive effect on the upwind inner deposition depth.



At the sides of the cube, Liu et al. observed that the distance between the cube
and lateral horseshoe deposition increased from 1.5 to 3.5 m/s wind speeds, while
the lateral horseshoe deposition disappeared completely at 4.5 m/s. Downwind op
the cube, Liu et al. found a minimal amount of inner deposition at the lowest
windspeed — possibly aided by the presence of snow fall — which became more
significant at higher wind speeds. Oikawa and Tomabechi found not only
downwind inner erosion and deposition directly behind the cube, but also
downwind deposition further away (at more than twice the cube height away).
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Figure 1: The locations and names of possible Aeolian erosion and deposition features around a
cube or building.

Methodology

Scale models of buildings were placed at the beach to determine the Aeolian
sedimentation and erosion patterns of sand around buildings (Fig. 2, Fig. 3). The
scale models were cuboid stacks of cardboard boxes. These stacks varied in size



and shape, in order to determine the effect of building size and shape. The boxes
used were 50x32x35 cm and the model length, width and height were varied
between 1 and 4 boxes. Boxes were filled with a sand bag to prevent them from
being blown away.

Figure 2: A photo of one of the set-ups, testing the effect of building width and height (12-10-2018)
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Figure 3: A sketch (not to scale) of the set-up shown in Figure 2. The arrow indicates wind direction,

the camera icon the camera for the timelapse video, > the Windsonic and Wenglors and x1/x2/x3
the number of boxes stacked upon each other

Field experiments at the beach were chosen over wind tunnel experiments,
because field experiments allow to test under natural conditions and at a natural
scale. Wind tunnels — while suitable for examining air flows around buildings —
have difficulties simulating sediment transport and bed development. The
problem here mainly concerns scaling and irreconcilable dimensionless numbers
(White, 1996; Duthinh & Simiu, 2011), further complicated by the introduction
of buildings. In addition, turbulent field conditions are notoriously difficult to



mimic in wind tunnels (Duthinh & Simiu, 2011), while simultaneously important
for the flow structure around buildings (Peterka et al., 1985; Smith et al., 2017).
Placing models at the beach allowed for using larger sizes than what could be
tested in a wind tunnel (especially when considering configurations of multiple
buildings). Nonetheless, some degree of scaling was applied in our field
experiments (approximately a 1:10 to 1:3 scale) to make the set-up more flexible
and manageable.

Scale models were placed at the beach in the morning, so that sedimentation and
erosion patterns could develop during the day. They were oriented approximately
perpendicular to the wind. Figure 2 and 3 show an example of the set-up. During
the day, the wind speed and wind direction were measured at a 1s interval using
a WindSonic 2D ultrasonic anemometer placed at a height of 1.8 m. A vertical
array of 10 Wenglor laser particle counters (see Hugenholtz & Barchyn, 2011;
Goossens et al., 2018) was used to monitor the height of the transport layer. The
sensors were located between approximately 5 cm and 1 m above the surface,
with the highest elevations varying slightly to ensure that at least 1 sensor was
located higher than the model height. In addition, a time-lapse video with a 10s
interval was made with a camera located at a height of 5 m, in order to record the
experiment and to be able to identify interesting events such as streamers or
natural bedforms migrating into the experiment area.

At the end of the day, the sedimentation and erosion patterns around the models
were recorded and the models were removed. The sedimentation and erosion
patterns were measured using structure-from-motion photogrammetry (see e.g.
Van Puijenbroek et al., 2017). A telescopic stick was used to take photos all
around the models, from a height of approximately 5 metres. These photos were
computationally combined to form a digital elevation model (DEM) and
orthophoto (a distortion-free top view) using Agisoft Photoscan (in December
2018 renamed to Agisoft Metascan). In Photoscan the accuracy was set to high
for photo alignment and dense cloud generation, resulting in a horizontal
resolution of approximately 2 mm for the DEM and orthophoto. The orthophoto
and DEM were used to determine the erosion and deposition patterns and measure
their dimensions.

The experiments were mainly conducted at the Sand Engine in the Netherlands
(see Figure 4). At this mega beach nourishment, the beach is more than 500 metres
wide, thus ensuring that there are always locations with large fetch lengths,
independent of the wind direction. The median grain size is 335 um (Hoonhout
& De Vries, 2019). One experiment took place at the beach near Formerum,
Terschelling. Here the beach is approximately 300 metres wide, so in combination
with the almost shore-parallel wind that occurred enough for good Aeolian sand
transport. Here, the median grain size is approximately 200 pm (Guillén &



Hoekstra, 1997). In total there were seven days during which sedimentation and
erosion patterns around models were recorded. On average, 6 to 10 models (i.e. 6
to 10 stacks of different dimensions) were placed on the beach simultaneously,
making for a total of 59 observations. Table 1 shows an overview of the conducted
experiments.

North Sea
k
North Sea
Terschelling
NETHERLANDS Wadden Sea | 10 km |
GERMANY North Sea
Den
X Hague
Sand Engine -
BELGIUM

Figure 4: A map with the locations of the experiments, with the * indicating the experiment at
Terschelling and the X the experiments at the Sand Engine

Table 1. A Concise Overview of the Conducted Experiments

Date Location Number of Wind speed Remarks
scale models  [m/s]

29-05-2018 Terschelling 6 6.8

11-10-2108 Sand Engine 9 5.9 Bed moist, less erodible
12-10-2018 Sand Engine 8 6.9 Bed moist, less erodible
23-10-2018 Sand Engine 10 9.5

24-10-2018 Sand Engine 8 6.5 Light rain

19-11-2018 Sand Engine 9 7.6

20-11-2018 Sand Engine 9 7.0




Results

Figure 5 shows the sedimentation patterns around two models. The horseshoe-
shaped deposition is clearly visible. At the right model, this horseshoe is almost
continuous (nr 1, 4, 7): it is only interrupted at the upwind corners of the model.
The model at the left is positioned slightly oblique to the wind, with the right side
angled windward and the left side leeward. Here, the lateral horseshoe deposition
(nr 4) is continuous at the right, but absent at the left. Zooming in on the models,
some additional features become visible. At the left model, upwind inner
deposition occurred (nr 3). Furthermore, the left model shows a hint of downwind
inner deposition (nr 8), while the right model exhibits a clearer triangular-shaped
downwind inner deposition. The left model also shows erosion to the outside of
(what would be) the lateral horseshoe deposition (nr 10). This erosion, noticeable
from the shells that remained after the sand was eroded, we term lateral outer
erosion. The moist surface prevents the occurrence of upwind and lateral inner
erosion, but both models show areas without deposition that might otherwise be
eroded. Another interesting feature visible in both models is the double
sedimentation ridge at the downwind edge of the upwind horseshoe deposition.

The patterns described above are fairly representative for patterns observed
around other models and at other days. The upwind and downwind horseshoe
deposition are present around virtually all models, with occasionally a larger
distance between the downwind model corners and the start of the downwind
horseshoe deposition (see Fig. 6a for an extreme case). The lateral horseshoe
deposition shows more variation: often it is absent (Fig. 6a, 6b), sometimes it is
present at one side (Fig. 5b, 6¢, 6d) or at both sides (Fig. 5c: still interrupted at
the upwind corners, Fig. 6e: fully present). For models oriented obliquely to the
wind (due to inaccurate positioning or changing wind conditions), the lateral
horseshoe deposition is often limited to the windward side. During three of the
seven days, several models showed a double sedimentation ridge at the downwind
edge of the upwind horseshoe deposition.

Upwind inner deposition occurred in slightly less than half of the cases (e.g. Fig.
6d). Downwind inner deposition occurred slightly more than half of the time. The
presence or absence of this area was generally quite consistent for the different
models tested during a day, with little effect from the model height. In case of
models oriented obliquely to the wind, this downwind inner deposition
occasionally formed one continuous deposition area together with the lateral
leeward inner deposition (Fig. 6¢, nr 6 and 8). Remarkably, all model set-ups used
on the one day at Terschelling showed erosion instead of deposition directly
downwind of the model (Fig. 6b). The upwind and lateral inner erosion also
occurred a bit more than half of the time, with occurrence also depending on wind
speed and surface erodibility. On 23-10-2018, the high wind speed (9.5 m/s) not



only caused inner erosion at the front and sides, but also undercutting at the
corners (Fig. 6e and 6f). Lateral outer erosion was occasionally visible: around
all of the models at 29-05-2018 and the majority of the models on 12-10-2018
(e.g. Fig 6b: with at the left side separate lateral outer and inner erosion and at the
right side only lateral outer erosion).

Figure 5: Orthophoto of the sedimentation and erosion around 2 models. Left model 1x2x2 boxes
(32x100x70 cm), right model 4x2x1 boxes (128x100x35 cm), recorded at 12-10-2018. Numbers
indicate sedimentation and erosion areas as presented in Figure 3, number between brackets indicate
a lack of sedimentation on what is indicated as erosion area in figure 3. Arrows indicate wind
direction. Number 10 indicates an area with erosion.
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Figure 6: Notable erosion and sedimentation structures around scale models, with arrows indicating
the wind direction. 6a) Orthophoto showing a large distance between the model and the start of the
downwind horseshoe deposition. 6b) Orthophoto showing lateral inner and outer erosion and
downwind inner erosion. 6¢) Photo of a model oriented obliquely to the wind, showing lateral inner
deposition 6d) Photo of model a oriented obliquely to the wind, showing upwind inner deposition and
asymmetric lateral deposition. 6e) Photo showing continuous lateral deposition. 6f) Zoom of 6e,
showing erosion around model and under model corners.
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Discussion

The deposition and erosion patterns found in the experiment are similar to the
snow accumulation patterns around buildings reported in literature. However,
there are some differences. The negative effect of the wind speed on the presence
of lateral horseshoe deposition, as reported in Liu et al. (2018), is not confirmed.
On the contrary, continuous lateral horseshoe deposition at both sides of the
model was especially present at the day with the highest wind speed (9.5 m/s). At
low wind speeds, Liu et al further observed continuous upwind snow deposition
from the horseshoe to the building front. In our experiments, there was an area
showing either a lack of deposition or even erosion between the upwind horseshoe
deposition and the front of the model. However, the lowest wind speed that Liu
et al. observed (1.5 m/s) was lower than the critical wind speed, so no erosion
could occur. At this wind speed, snow transport consists of the convection of
snow fall. This snow fall is blown against the front of the building, but the reverse
flow of the horseshoe vortex lacks the strength to cause erosion. At the beach,
sand/snow fall does not exist as supply mechanism. Hence, sand transport can
only occur at higher wind speeds that induce motion at the bed. At this wind
speed, the reverse flow in front of our models seemed to cause an area without
sedimentation (or even erosion) between the upwind horseshoe deposition and the
model front.

A new observation in this experiment is the occurrence of erosion further outward
from the sides of the model. In some cases a distinct lateral outer erosion area
formed outside of the normal horseshoe sedimentation. In other cases, erosion
already started near the model, but extended further than where the horseshoe
sedimentation would be expected to form.

The experiment also showed the effect of the wind direction. The models that
were oriented obliquely to the wind generally tended to only show lateral
horseshoe deposition at the windward side, and not at the leeward side. This
agrees well with the pattern that Liu et al. (2018) found for snow accumulation
around a cube oriented slightly oblique to the wind under higher wind speeds (10°
angle, 4.5 m/s wind speed). However, the presence and clearness of the lateral
horseshoe deposition we observed, also showed strong variation for models
oriented perpendicular to the wind, so the interplay between orientation, wind
speed and lateral horseshoe deposition remains a subject for further research.

In this paper, we described generic patterns of deposition and erosion around scale
models of buildings. The wind speed and differences in the erodibility of the bed
are only mentioned where especially relevant. A more systematic analysis of the
effect of these factors on the type of sedimentation and erosion patterns should be
conducted in the future. This is especially relevant for the lateral horseshoe
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deposition and downwind inner deposition, for which previous experiments on
snow accumulation (e.g. Thiis, 2003; Liu et al., 2018) suggest an effect from the
wind speed. Furthermore, the effect of the model size and shape on the
dimensions of the sedimentation and erosion patterns will be examined in future
research.

Conclusions

To determine the Aeolian erosion and deposition patterns around buildings on the
beach, a scale experiment was conducted. This experiment, conducted at the
beach, showed that the deposition and erosion patterns formed by sand are quite
similar to the patterns of snow accumulation around buildings. Deposition
patterns follow the horseshoe vortex that the wind forms around a building. The
deposition area upwind of the building and the deposition tails downwind of the
building (downwind horseshoe deposition) are almost always present if the wind
is strong enough to cause sand transport. The presence of horseshoe deposition to
the side of the building (lateral horseshoe deposition) and of deposition and
erosion between the horseshoe and the building itself is more variable, and
depends on wind speed, wind direction, and the erodibility of the bed. In contrast
to earlier research on snow accumulation, we did not observe a clear effect of the
wind speed on the lateral horseshoe deposition. In addition, the upwind snow
deposition continued up to the building front for the lowest wind speeds, while
our upwind deposition was always located some distance upwind of the building.
A further analysis of the experimental data is needed to draw more quantitative
conclusions on the effect of building size and shape on the dimensions of the
sedimentation and erosion patterns.
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