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SUMMARY

COASTAL zones worldwide have always been attractive to human populations because

of their rich resources and recreational values. This leads to an increasing number

of buildings at the beach-dune interface, such as hotels, restaurants, vacation houses and

pavilions. Buildings at the beach locally change the airflow patterns in their surrounding

area depending on their size, shape, orientation and positioning with respect to neighbour-

ing buildings. These building-induced changes in wind flow field (speed and direction) al-

ter aeolian sediment transport which, in turn, influence the morphologic patterns around

buildings. For beach buildings placed in front of the dunes, these forced bedforms around

buildings could negatively affect the dunes by e.g. trapping the sediments upwind of the

buildings slowing down the dune growth. Furthermore, a large amount of sediment de-

position or an intense erosion around buildings cause malfunctions in buildings. Coastal

managers are responsible to define regulations for the design and placement of buildings

at the beach. Understanding the airflow patterns and aeolian sediment transport around

buildings could help to gain most benefits from buildings at the beach in regard to steer-

ing more sediments to dunes, or minimising their negative influence on dunes growth. To

achieve this aim, a numerical model is developed using OpenFOAM and the influence of

several parameters on airflow structures, aeolian sediment transport patterns and bedform

development around buildings is investigated.

In Chapter 2, we quantified the influence of systematic changes in building dimensions,

i.e. length, width and height, on airflow patterns around buildings. The divergence of the

cubed horizontal wind velocity field was used as a proxy for wind-driven erosion and de-

position patterns. Our results showed that the near-bed airflow structures and sediment

transport patterns around buildings depend most on the building width perpendicular to

the wind direction, whereas they are least dependent on the building length parallel to the

wind direction. Numerical simulations showed sediment deposition at a small distance up-

wind of the buildings and two deposition tails starting from some distance away from the

lateral sides of the building to downstream of the buildings. Strong scour occurs around the

upwind corners of the buildings. However, less intense eroding regions have been found

directly in front of the upwind face of the building and close to the lateral faces of the build-

ing. Our findings showed that relations exist between building characteristics and the size
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and intensity of the erosion-deposition patterns around buildings.

In Chapter 3, the influence of buildings positioning at the beach relative to the neighbour-

ing buildings, and the orientation of a row of buildings with respect to the wind direction

on near-bed airflow patterns was examined. The wind-induced bed shear stress calculated

via the OpenFOAM model was used in Bagnold’s equation to evaluate the sediment trans-

port flux around buildings. The Exner formulation was used to estimate the initial rate of

changes in bed elevation around buildings. Results showed that there is a critical gap size

between adjacent buildings of 2w , where w is each building width, beyond which the air-

flow and sediment transport patterns form almost independently from patterns developed

around neighbouring buildings. In that case, the adjacent buildings have minor impacts

on each other and the resulting airflow and sediment transport patterns can be considered

as more individual patterns around buildings. We also found that the orientation of build-

ings at the beach relative to the incident wind direction plays a key role in the formation of

the vortices developing around buildings as well as their location, size and orientation. The

characteristics of these vortices determine the sediment transport patterns in the vicinity of

buildings. Next, the average sediment transport rates across along-shore lines downstream

of the buildings were computed to gain insight on the influence of buildings on duneward

sediment transport.

Finally, in Chapter 4, we investigated the influence of buildings placed on poles, and exam-

ined the systematic changes in building pole height on horizontal and vertical wind field as

well as the sediment transport patterns. The Exner equation together with Bagnold’s sed-

iment transport formula were used to determine the initial bed level changes. Next, we

developed a new model that couples the airflow model, OpenFOAM, with an existing sed-

iment transport model, AeoLiS, to model the morphological evolution of the wind-driven

bed patterns. The results of the average sediment transport rates across along-shore lines

revealed that depending on pole height, the elevated buildings could both steer more sed-

iments to the dunes hence enhancing the dunes growth, or they could block sediments

upwind of the buildings therefore slow down the dunes growth.

Overall, this thesis provided new insights in the influence of buildings on potential duneward

sediment transport and bed level changes in their surrounding. The guidance provided

by this research could help coastal managers to decide on regulations in regards to beach

buildings.



SAMENVATTING

K USTGEBIEDEN over de hele wereld zijn altijd aantrekkelijk geweest voor de menselijke

bevolking vanwege hun rijke hulpbronnen en recreatieve waarden. Dit leidt tot een

toenemend aantal bebouwing op het strand en nabij het duin, zoals hotels, restaurants,

vakantiehuizen en strandpaviljoens. Gebouwen op het strand veranderen plaatselijk de

luchtstroompatronen, afhankelijk van hun grootte, vorm, oriëntatie en positionering ten

opzichte van naburige gebouwen. Deze door gebouwen veroorzaakte veranderingen in het

windstroomveld (snelheid en richting) veranderen het transport van eolisch sediment, wat

op zijn beurt de morfologische patronen rond gebouwen beïnvloedt. Voor strandgebou-

wen die voor de duinen zijn geplaatst, kunnen deze geforceerde bodemvormen rond ge-

bouwen de duinen negatief beïnvloeden door bijvoorbeeld het sediment bovenwinds vast

te houden, wat er toe leid dat duingroei vertraagd. Verder kunnen grote hoeveelheden se-

diment depositie of een sterke erosie rond gebouwen voor problemen voor de gebouwen

zorgen. Kustbeheerders zijn verantwoordelijk voor het opstellen van voorschriften voor het

ontwerp en de plaatsing van gebouwen op het strand. Inzicht in de luchtstroompatronen

en eolisch sedimenttransport rond gebouwen kan helpen om de meeste voordelen te halen

uit gebouwen op het strand met betrekking tot het sturen van sediment naar duinen, of het

minimaliseren van hun negatieve invloed op duinengroei. Om dit doel te bereiken, werd

een numeriek model ontwikkeld met behulp van OpenFOAM en werd de invloed van ver-

schillende parameters op luchtstroomstructuren, eolische sedimenttransportpatronen en

bodemvorming rond gebouwen onderzocht.

In Hoofdstuk 2 kwantificeerden we de invloed van systematische veranderingen in de af-

metingen van gebouwen, d.w.z. lengte, breedte en hoogte, op luchtstroompatronen rond

gebouwen. De divergentie van het tot de derde macht verheven horizontale windsnel-

heidsveld werd gebruikt als een proxy voor door de wind aangedreven erosie- en sedimen-

tatiepatronen. Onze resultaten toonden aan dat de luchtstroomstructuren nabij het bed en

de sedimenttransportpatronen rond gebouwen het meest afhankelijk zijn van de gebouw-

breedte loodrecht op de windrichting, terwijl ze het minst afhankelijk zijn van de gebouw-

lengte evenwijdig aan de windrichting. Numerieke simulaties toonden sedimentafzetting

op kleine afstand bovenwinds van de gebouwen en twee afzettingstaarten vanaf enige af-

stand van de zijkanten van het gebouw tot stroomafwaarts van de gebouwen. Sterke erosie
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treed op rond de bovenwindse hoeken van de gebouwen. Er zijn echter minder intense ero-

derende gebieden gevonden direct voor de bovenwindse zijde van het gebouw en dicht bij

de zijvlakken van het gebouw. Onze bevindingen toonden aan dat er relaties bestaan tus-

sen gebouwkenmerken en de grootte en intensiteit van de erosie-depositiepatronen rond

gebouwen.

In Hoofdstuk 3 werd de invloed onderzocht van de positie van gebouwen op het strand ten

opzichte van aangrenzende gebouwen, en de oriëntatie van een rij gebouwen ten opzichte

van de windrichting op luchtstromingspatronen nabij het bed. De door de wind geïndu-

ceerde bodemschuifspanning berekend via het OpenFOAM-model werd gebruikt in de ver-

gelijking van Bagnold om de sedimenttransportflux rond gebouwen te evalueren. De Exner-

formulering werd gebruikt om de initiële snelheid van veranderingen in bodemhoogte rond

gebouwen te schatten. De resultaten toonden aan dat er een kritische opening is tussen

aangrenzende gebouwen van 2w, waarbij w de breedte van elk gebouw is, waarboven de

luchtstroom- en sedimenttransportpatronen zich vrijwel onafhankelijk vormen van patro-

nen rond aangrenzende gebouwen. Daarom hebben de aangrenzende gebouwen weinig

invloed op elkaar en kunnen de resulterende luchtstroom- en sedimenttransportpatronen

worden beschouwd als meer individuele patronen rond individuele gebouwen. We ontdek-

ten ook dat de oriëntatie van gebouwen op het strand ten opzichte van de invallende wind-

richting een sleutelrol speelt bij de vorming van de wervels die rond gebouwen ontstaan,

evenals hun locatie, grootte en oriëntatie. De eigenschappen van deze wervels bepalen de

sedimenttransportpatronen in de buurt van gebouwen. Vervolgens werden de gemiddelde

sedimenttransportsnelheden over langs de kust lopende lijnen stroomafwaarts van de ge-

bouwen berekend om inzicht te krijgen in de invloed van gebouwen op het duinwaarts se-

dimenttransport.

Ten slotte hebben we in hoofdstuk 4 de invloed onderzocht van gebouwen die op palen

zijn geplaatst, en hebben we de systematische veranderingen in de hoogte van de palen

van gebouwen op horizontaal en verticaal windveld onderzocht, evenals de transportpatro-

nen van sediment. De Exner-vergelijking samen met de sedimenttransportflux van Bagnold

werden gebruikt om de initiële bodemniveauveranderingen te bepalen. Vervolgens hebben

we een nieuw model ontwikkeld dat het luchtstroommodel, OpenFOAM, koppelt aan een

bestaand sedimenttransportmodel, AeoLiS, om de morfologische evolutie van de door de

wind aangedreven bodempatronen te modelleren. De resultaten van de gemiddelde sedi-

menttransportsnelheden langs de kustlijn toonden aan dat, afhankelijk van de paalhoogte,

de verhoogde gebouwen meer sediment naar de duinen konden sturen en zo de groei van

de duinen versterken, of ze konden sediment bovenwinds van de gebouwen blokkeren en

daardoor de duingroei afremmen.



SAMENVATTING xxiii

Al met al heeft dit proefschrift nieuwe inzichten opgeleverd over de invloed van gebouwen

op potentieel duinwaarts sedimenttransport en bodemveranderingen in hun omgeving. De

richtlijnen die dit onderzoek biedt, zou kustbeheerders kunnen helpen bij het nemen van

beslissingen over regelgeving met betrekking tot strandgebouwen.





1
INTRODUCTION

1



1

2 1. INTRODUCTION

1.1. BACKGROUND

S ANDY beaches have always been attractive to people worldwide. The immense value

of beaches for recreation, tourism and economy has led to an increased number of

buildings at the beach-dune interface. These buildings include hotels, restaurants, vaca-

tion houses, surfing clubs, lifeguard towers and pavilions (Figure 1.1). Coastal dunes are

mobile and dynamic sand systems, providing natural flood defence for the hinterland. Al-

though coastal sand dunes are vulnerable landforms, they can restore themselves under

natural processes. The eroded sand from the most seaward dune of a coastal dune field is

generally redistributed onto either the foredunes or beach, at the location where the dune

erosion occurred or further along the coast (Van der Meulen and Salman, 1996). Where

there is sufficiently strong wind, the available sand budget at the beach could be carried to

the dune foot and even further landward along the stoss slope of the dune, over and behind

the dune slip face. This leads to the dune growth and/or dune migration. The presence of

any obstructions, i.e. buildings, in front of the dunes might disrupt the natural processes in

a way that the sand dunes could not be naturally restored, thereby also losing their value as

the natural barrier against storm surges. On the other hand, some believe that these hard

structures in front of the dunes could enhance aeolian sediment transport and help the

growth of dunes (Nordstrom et al., 2000).

Buildings at the beach influence the local near-bed wind field depending on their char-

acteristics (such as dimension, geometry, pole height and construction material) as well

as positioning (relative to the dominant wind direction, neighbouring buildings and the

dune foot) (Jackson and Nordstrom, 2011) at the beach. These building-induced near-bed

flow patterns determine the aeolian sediment transport, therefore bed morphology around

buildings (Nordstrom and McCluskey, 1985; Nordstrom, 2000; Walker and Nickling, 2002).

The resultant erosion and deposition patterns around buildings might become problem-

atic for beach buildings owners (Figure 1.2). Furthermore, sand trapping by buildings could

hamper sediments from moving to the dunes.

An understanding of the airflow and wind-blown sediment transport patterns around build-

ings on sandy substrate, e.g. beaches, can be used by coastal managers to create guidance

for designing beach buildings. Adhering to this guidance helps to enhance nature-based

flood defence solutions by enhancing sediment transport to the dunes or limiting poten-

tially negative impacts of buildings on dunes. In addition, they help beach buildings own-

ers to increase the lifetime of their properties without the frequent need for sand removal

measures.

This thesis studies the effects of buildings at the beach on their sandy surroundings. Our
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(a) (b)

(c) (d)

Figure 1.1: Examples of buildings at the beach-dune interface; a) beach restaurants and pavilions at Scheveningen
beach, the Netherlands, b) a row of vacation houses in front of the dune at Katwijk beach, the Netherlands, c)
two rows of small-size beach huts with staggered configuration at Katwijk beach, the Netherlands, and d) a row of
vacation houses on poles in front of the dune at Kijkduin beach, the Netherlands.

field observations on Dutch coast showed that buildings at the beach are mainly placed in

a group of cuboid buildings with/without poles next to each other. The size of the build-

ings ranges between small-size beach huts that are used as storage or for changing clothes,

and larger buildings such as vacation houses or restaurants. The beach buildings are placed

close to each other or far apart from each other depending on the empty space at the beach.

Besides, the wind direction and speed constantly vary at the beach. Therefore, this study is

focused on the examination of the influence of parameters such as building dimensions,

pole height, gap size between neighbouring buildings and the wind direction relative to the

row of buildings on airflow and wind-driven sediment transport patterns. Examination is

done by developing numerical models and performing a wide range of systematic simula-

tions.
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(a) (b)

(c) (d)

Figure 1.2: Wind-induced morphological patterns around buildings at the beach; a) a restaurant that was buried in
sand at Noordwijk beach, the Netherlands, b) a row of small-size beach huts with erosion around at Katwijk beach,
the Netherlands, c and d) a container with erosion in front and sand accumulation behind just a few days after it
was placed at Noordwijk beach, the Netherlands.

1.2. AIRFLOW PATTERNS OF PERPENDICULAR WIND AROUND A CU-

BIC BUILDING

B UILDINGS influence the airflow in their surroundings. The wind approaching a cubic

building is deflected from the so-called stagnation point downwards to the ground,

around the sides and over the top of the building (see Figure 1.3a). The deflected flow to the

ground moves away from the windward face of the building, and in the reverse direction

compared to the dominant wind direction. The reverse flow undercuts the approaching

wind, detaches it from the bed surface and forms a standing horseshoe-shape vortex wrap-

ping around the windward and lateral faces of the building. These corner flows encompass

high wind speeds (Peterka et al., 1985; Blocken et al., 2011; Oke et al., 2017). As the up-

ward and sideward flows encounter sharp windward edges of the building, they detach from

the building surface and form small circulation regions tangential to the building top and

sides. These separation bubbles are characterised by highly turbulent and low-speed flow.

The detached flows may reattach onto the building surface, depending on the turbulence
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of the approaching wind and the dimensions of the building (Blocken et al., 2011). A large

separation bubble, so-called cavity region, forms in the low-pressure region immediately

behind the building containing vertically and horizontally oriented recirculating vortices

(near-wake region). The separated flow re-attaches the bed surface, and the re-attachment

line remarks the outer boundary of the cavity region (see Figure 1.3b). Beyond this line,

the wind flow resumes parallel to the dominant wind direction, but the decelerated flow re-

mains for longer distances downstream of the building (wake region). Figure 1.3 shows the

mean airflow patterns around an isolated cubic building.

The flow mechanisms explained above form around an isolated cubic building under per-

pendicular wind direction. However, the influence of actual beach buildings scale, row of

closely-spaced buildings at the beach, and elevated buildings on poles under perpendicular

or oblique wind directions is not fully known yet.

(a) (b)

Figure 1.3: Schematic illustration of the mean wind flow patterns in the vicinity of a single sharp-edged building,
with two different a) windward and b) leeward views (modified from Oke et al., 2017).

1.3. AEOLIAN SEDIMENT TRANSPORT PATTERNS AROUND A BUILD-

ING

T HE aeolian sediment transport and resultant erosion-deposition patterns developing

around a building on an erodible sandy bed result from bed shear stress perturbations

due to the presence of building-induced coherent vortex structures. The windward horse-

shoe shape vortex causes strong scour in front of the windward face, around the windward

corners and along the sides of the building (Iversen et al., 1990; Iversen et al., 1991; McKenna
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Neuman et al., 2013; Tominaga et al., 2018). Deposition occurs at a small distance in front of

the building. This is induced by the reverse vortex flow upwind of the building that carries

sands opposite to the incident wind direction and deposits them at the decelerated flow

region where the reverse and approaching flows meet. Besides, the sand particles carried

by the upwind flow are deposited when flow decelerates close to the building. The upwind

deposition gradually grows, and eventually forms the so-called echo dune shape (Bagnold,

1941; Tsoar, 1983; Cooke et al., 1993; Qian et al., 2011; Jackson and Nordstrom, 2011). In

addition, deposition occurs along the lateral faces of the building and continues somewhat

downstream, approximately following the shape of the horseshoe vortex shown in Figure 1.3

(Poppema et al., 2021). Sand accumulation, known as sand shadow/tail, forms in the shel-

tered area (wind shadow) in the lee of the building (Livingstone and Warren, 1996; Luo et

al., 2012; McKenna Neuman et al., 2013). The approximate erosion and deposition patterns

around an isolated cubic building with perpendicular wind direction, based on the field ex-

periments conducted by Poppema (2022), is shown in Figure 1.4. A series of one-day exper-

iments were performed at a wide moist sandy beach to address the extent to which scaled

buildings influence the wind-induced sediment transport at the beach. Also, he tested how

the erosion and deposition patterns around buildings depend on the building characteris-

tics and positioning relative to neighbouring buildings and dominant wind direction at the

beach.

Figure 1.4: Schematization of observed topographic patterns around a cubic building, with a) upwind horse-shoe
deposition, b) lateral horse-shoe deposition, c) downwind horse-shoe deposition, d) upwind inner erosion, e)
upwind inner deposition, f) upwind corner inner erosion, g) lateral outer erosion, h) lateral inner erosion, i) lateral
inner deposition, j) downwind inner deposition, and k) downwind inner erosion (modified from Poppema, 2022).
Overall, the red, orange, and yellow shaded colours show the locations where the deposition occur, while the blue
shaded colours show the eroding regions.
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1.4. MODELLING OF THE AEOLIAN PROCESSES

E XISTING approaches to investigate the aeolian processes around buildings/obstacles

mainly consist of wind-tunnel experiments, field measurements and numerical mod-

els. The possible advantages and disadvantages of each method are explained in this sec-

tion.

Wind-tunnel experiments have been widely used to examine the airflow and sediment trans-

port patterns around obstacles (similar to buildings) with various shapes, sizes, orientations

and group configurations (Hunt et al., 1978; Fackrell, 1984; Beranek, 1984; Peterka et al.,

1985; Iversen et al., 1990; Iversen et al., 1991; Meinders et al., 1999; Sutton and McKenna

Neuman, 2008; Luo et al., 2012; Luo et al., 2014; Tominaga et al., 2018; Zhao et al., 2022).

In-situ flow and sediment transport measurements are used to quantify the phenomena

that occur in reality (Richards and Hoxey, 2012; Smyth and Hesp, 2015; Poppema, 2022; Vos

et al., 2022). Unlike field tests, the wind-tunnel experiments allow for precise control of the

experiment conditions such as time of the experiment, duration, weather conditions (e.g.

snowfall, rainfall) and boundary conditions (e.g. wind speed, wind direction). However, the

limited wind-tunnel size may lead to scaling issues, and the restrictions of the experimental

materials make it difficult to accurately replicate the in-situ conditions (e.g. surface rough-

ness, geometric details of the buildings or model domain). Furthermore, the measurement

instruments in both wind-tunnel experiments and field tests might interfere with the flow

field, affecting the measurements (Zhao et al., 2022).

Computational fluid dynamics (CFD) is a numerical technique to solve the flow field. In

CFD, the Navier-Stokes equations are often used that consist of the conservation of mass

and momentum. CFD is becoming increasingly popular in aeolian research due to the

benefits it provides and the growing number of open-source CFD solvers. CFD provides

a number of advantages compared to wind-tunnel experiments and field measurements.

The main advantage of CFD is the high resolution at which the airflow properties can be

solved. However, it is noteworthy that the more detailed computations, the more compu-

tationally expensive simulations. In addition, CFD is relatively easy to adapt to various ap-

plications using different geometries and boundary conditions. Unlike wind-tunnel exper-

iments, CFD simulations can reproduce the exact wind conditions and scales of the build-

ings and domain similar to those of in the field. This allows for straightforward validations

with field measurements of airflow and avoids potential scaling issues.

Many CFD software packages have been developed that are able to model airflow around

buildings or aeolian bedforms. The non-commercial softwares are Stanford University Un-

structured (SU2), OVERFLOW, OpenFOAM, Mfix and Nek5000, while commercial softwares
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consist of COMSOL, Aerosoft, ANSYS and BARRACUDA VR. Among these softwares, the

OpenFOAM has been widely used to model aeolian processes (Jackson et al., 2011; Jou-

bert et al., 2012; D. W. Jackson et al., 2013; Smyth and Hesp, 2015; Bruno and Fransos, 2015;

Enteria, 2016; M. F. King et al., 2017; Okafor et al., 2018). OpenFOAM is an open-source CFD

software that is able to use the Reynolds-averaged Navier-Stokes (RANS) equations to solve

the flow motion. In RANS equations, the instantaneous quantities are decomposed into

their mean (time-averaged) and fluctuating components. The open access to OpenFOAM

source codes allows users to contribute various useful libraries and toolboxes, that could be

used in public to develop customized models for different applications. OpenFOAM can be

used for a wide range of applications making use of existing compressible or incompress-

ible flow solvers under steady or unsteady (transient) flow conditions. In addition, it can

solve single phase or multiphase flows using one to three dimensional models.

1.5. KNOWLEDGE GAPS

T HE wind flow around either an isolated obstacle/building or a group of obstacles/buildings

has been well addressed in previous literature (Hunt et al., 1978; Fackrell, 1984; Be-

ranek, 1984; Peterka et al., 1985; Martinuzzi and Tropea, 1993; Coceal et al., 2006; Shah and

Ferziger, 1997; Lakehal and Rodi, 1997; Chou and Chao, 2000; Iaccarino et al., 2003; Gao

and Chow, 2005; Yakhot et al., 2006). The influence of obstacles/buildings on their sandy

environment has been of interest in many studies. The local morphologic patterns that

develop around an isolated obstacle has been studied by Bagnold (1941), Pye and Tsoar

(2008), McKenna Neuman and Bédard (2015) and Tominaga et al. (2018). Wind-tunnel

and field experiments have been conducted to investigate the extent to which these ero-

sion and deposition patterns around obstacles/scaled buildings depend on buildings ge-

ometry and dimensions (Iversen et al., 1990; Iversen et al., 1991; McKenna Neuman et al.,

2013 and Poppema et al., 2021). Sutton and McKenna Neuman (2008), Luo et al. (2012),

Luo et al. (2014), Luo et al. (2016) and Poppema et al. (2022b) evaluated the impacts of

obstacles/scaled buildings positioning on a sandy substrate, using wind-tunnel tests or

field measurements at the beach. In their impact of obstacles/buildings studies, these re-

searchers focused mainly on orientation relative to the dominant wind direction and the

distance from neighbouring obstacles/scaled buildings.

The aforementioned studies used mainly small-scale obstacles that are appropriate for wind-

tunnel experiments. Poppema (2022) used larger-sized models in the field that could be

considered as scaled models of vacation houses at the beach. However, in his studies only

three models were placed at the beach to examine the aeolian morphologic changes around

buildings with different sizes and configurations at the beach. On actual beaches with
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plenty of space in the along-shore direction, periodically repeated rows of beach houses

are placed in front of the dunes (e.g. Figure 1.1d). In addition, due to experimental con-

straints he could only assess a limited range of changes for the parameter under considera-

tion. Besides the limitations discussed above, the flow field was not studied in his work. Luo

et al. (2012) and Luo et al. (2014) respectively, studied the impacts of systematic changes in

the orientation of a single cuboid obstacle and the gap size between two adjacent cuboid

obstacles on bedform development. In their studies they used wind field measurements

as a proxy to predict wind-blown sediment transport and thereby the resultant local ero-

sion and deposition mechanisms. Only in their latest study, Luo et al. (2016), they con-

ducted experiments with erodible substrate where they reported implications on the for-

mation of sand shadows in the lee of a single building or the sand drift that develops behind

the gap between two neighbouring buildings. The experimental study by Poppema et al.

(2022b) examined the influence of orientation and gap size over the whole area around a

group of buildings. Furthermore, first attempts to model wind-blown morphologic changes

around buildings over longer time period, i.e. years to decades, were presented in a re-

cent study by Poppema et al. (2022a). They used the results obtained from field measure-

ments to develop the cellular automaton model rules for erosion and deposition patterns

around buildings. Although the model rules used in their study provide insight in how

buildings change the bed evolution in their surroundings over longer time period in re-

lation to specific time-varying wind conditions, they cannot provide detailed quantitative

sediment transport fluxes around buildings.

Therefore, examining the aeolian sediment transport around periodic rows of full-scale

beach buildings with various characteristics (dimension and pole height) and positioning

(relative to each other and the incident wind direction) are still not fully known. It is also

noteworthy that no previous studies quantitatively investigated the impact of buildings at

the beach on sediment supply from the beach to the dunes. Moreover, understanding the

detailed projections of the wind-blown morphologic changes over short to long time scales,

i.e. hours to years, is still lacking so far. The previous studies also cannot describe the air-

flow patterns around a group of buildings with varying characteristics and configurations,

so they cannot study the full system.

1.6. RESEARCH GOAL AND QUESTIONS

T HE goal of this thesis is to gain insight in the influence of beach buildings on aeolian

sediment transport and resultant morphologic patterns in their surroundings. The in-

fluence of building characteristics (dimensions and pole height) and positioning (relative to

the neighbouring buildings) and the orientation (with respect to the dominant wind direc-
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tion) at the beach is examined. We are also interested in understanding the flow mechanisms

responsible for the evolution of the morphologic patterns only those forced by the buildings

(not natural bedforms). To achieve this goal, the following research questions are formu-

lated:

Q1 How do building dimensions (i.e. length, width, and height) influence the airflow and

initial aeolian erosion-deposition patterns around an isolated building at the beach?

Q2 How do wind direction and gap size between adjacent buildings affect the airflow,

duneward sediment transport and the initial aeolian morphologic patterns around a row

of buildings at the beach?

Q3 What are the impacts of buildings pole height on airflow, duneward sediment trans-

port and both the initial and further developed aeolian morphologic patterns?

1.7. RESEARCH METHODS

T O quantify the impacts of buildings at the beach on airflow and wind-blown sediment

transport, numerical models were developed. We specifically focused on building char-

acteristics such as dimensions and pole height, as well as positioning at the beach relative to

the dominant wind direction and the distance from neighbouring buildings. The research

methods used for each research question are presented below (Figure 1.5):

To answer Q1, firstly a three-dimensional numerical model was developed using Open-

FOAM, which is an open-source CFD solver, to simulate airflow around an isolated building.

A small-scale building with the length, width, and height of 0.100×0.150×0.125 m under

perpendicular wind condition was modelled. To validate the airflow model, the computed

horizontal and vertical wind velocity fields in the vicinity of building were compared with

the wind-tunnel measurements by Leitl and Schatzmann (2010). Secondly, the building di-

mensions (i.e. length, width, and height) were systematically varied in order to quantify the

wind speed and flow patterns around the building. Thirdly, the convergence of the third-

order horizontal near-bed velocity field was computed and used as a proxy for sand trans-

port convergence to predict initial erosion and deposition patterns around the building.

To answer Q2, the 3D OpenFOAM model used for Q1 was used to simulate the airflow

around a row of full-scale buildings with the length, width and height approximately similar

to the real vacation houses at the beach, 6.0×2.5×2.5 m. Firstly, the influence of sixteen dif-

ferent gap sizes on near-bed wind velocity field, the flow structures developed around build-

ings and the bed shear stress were studied. Secondly, to quantify the influence of dominant

wind direction relative to the buildings on airflow patterns developed in their surround-
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ings, five different wind directions were applied to each tested gap size. Thirdly, a sediment

transport model was developed that computes the sediment transport fluxes using the em-

pirical formulation proposed by Bagnold (1941) and the bed shear stress derived from the

OpenFOAM model. Fourthly, to quantify the cross-shore (duneward) sediment transport,

the net average duneward fluxes across along-shore lines downwind of the buildings were

computed. Lastly, the Exner equation was used to derive the initial morphologic patterns

around a row of buildings. The modelled bed elevations were then compared to those mea-

sured around scaled buildings at the beach by Poppema et al. (2022b).

To answer Q3, the model used for Q2 was applied to simulate airflow around and under-

neath full-scale buildings on poles. Firstly, the impact of elevated buildings on near-bed

wind field, bed shear stress and duneward sediment transport based on Bagnold’s formula-

tion was studied. Secondly, the net average duneward sediment transport fluxes passing

along-shore lines, which were located behind the buildings, were compared for twenty-

six tested pole heights. Thirdly, to predict morphologic patterns around buildings over

longer time periods, the OpenFOAM model was coupled with an existing sediment trans-

port model, AeoLiS, which was developed by Hoonhout and De Vries (2016). The coupled

model benefits from both the detailed bed shear stress computed by the OpenFOAM model,

and the complicated sediment transport by AeoLiS. Lastly, both the Exner equation together

with the Bagnold’s formulation, and the coupled model were used to respectively predict

the initial and further developed bed level changes for different pole heights.

1.8. THESIS OUTLINE

T HE research questions presented in Section ?? are answered in Chapters 2 to 4. The

thesis structure is as follows: Chapter 2 addresses the development of the model using

OpenFOAM and the model validation. The influence of changes in the dimensions of an

isolated small-scale building on the airflow and wind-driven erosion and deposition pat-

terns around the building is studied in this chapter (Q1). Chapter 3 develops a sediment

transport model using an empirical formulation, and investigates the impacts of wind di-

rection and the gap size on wind field, duneward sediment transport and the initial bed

morphology when full-scale buildings are placed in a row (Q2). The influence of a row of

full-scale elevated buildings placed on poles with varying heights on airflow, duneward sed-

iment transport and the bed level changes is studied in Chapter 4. Furthermore, a new cou-

pled model is developed that enables the prediction of morphologic patterns around build-

ings over longer time periods considering the spatiotemporal changes in bed features (Q3).

Chapter 5 further discusses the results, compares them with previous studies and provides

the applications and limitations of this study. Chapter 6 presents the conclusions reflecting
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Figure 1.5: An overview of methodologies used to answer each research question.

on what has been achieved with respect to the goal of the thesis, and the recommendations

for further research.
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2. THE INFLUENCE OF BUILDING DIMENSIONS ON AIRFLOW PATTERNS AND INITIAL BED

MORPHOLOGY

ABSTRACT: The attractiveness of beaches to people has led, in many places, to the con-

struction of buildings at the beach-dune interface. Buildings change the local airflow pat-

terns which, in turn, alter the sediment transport pathways and magnitudes. This induces

erosion and deposition patterns around the structures. In this study, a numerical model is

developed using the open-source computational fluid dynamics solver OpenFOAM. First,

the model is used to predict the airflow patterns around a single rectangular building. The

model predictions are validated with wind-tunnel data, which show good agreements. Sec-

ond, a reference beach building is introduced and then the building dimensions are in-

creased in length, width and height, each up to three times the reference building dimen-

sion. The impact of each dimensional extent on the near-surface airflow patterns is in-

vestigated. The results show that the near-surface airflow patterns are least dependent on

the length of the building in the wind direction and they depend most on the width of the

building perpendicular to the wind direction. Third, the convergence of the third-order hor-

izontal near-surface velocity field is calculated to interpret the impact of changes in airflow

patterns on potential erosion and deposition patterns around the building. The numerical

predictions are compared with the observed erosion and sedimentation patterns around

scale models in the field. The comparisons show satisfactory agreements between numeri-

cal results and field measurements.
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2.1. INTRODUCTION

C OASTAL zones worldwide have always been attractive to humans, since they provide a

wide variety of valuable resources and recreational activities. Population growth near

coastlines leads to an increased demand for construction of restaurants, sailing clubs, hol-

iday cottages and pavilions at the beach-dune interface. Figure 2.1 shows some typical ex-

ample of these structures.

(a) (b)

Figure 2.1: Buildings at beach-dune interface on the a) Egmond beach, and b) Zandvoort beach
(www.hollandluchtfoto.nl), the Netherlands.

A considerable number of studies indicated that the coastlines worldwide have been modi-

fied over millennia by human interventions, and this development is continuously growing

(Marsh, 1874; H. J. Walker, 1984; Nordstrom, 1994; Jackson and Nordstrom, 2011). There

are complex interactions between airflow patterns, sediment transport and bed morphol-

ogy on the beach. These interactions vary over a wide range of spatial and temporal scales

and determine the shape, size, spacing and alignment of beaches and aeolian sand dunes

(Walker and Nickling, 2002). The impact of buildings at the beach can be schematized by a

loop as in Figure 2.

Figure 2.2: Morphological loop indicating the interactions between buildings at the beach, airflow patterns, sedi-
ment transport and bed morphology.
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MORPHOLOGY

Buildings at the beach affect local airflow patterns and as a result aeolian sediment trans-

port. These airflow patterns depend on building dimension, geometry, orientation, ele-

vation from ground level, surface roughness and the positioning and distance in a row of

buildings on the beach (Nordstrom, 2000). According to Jackson and Nordstrom (2011), the

dimensions of a building affect the degree to which a structure acts as an obstacle against

wind flow and sediment migration. This affects the ability of airflow or sediment particles to

move across the top of the structure or around the lateral sides of the structure. Therefore,

buildings at the beach-dune interface locally alter wind flow patterns and change the loca-

tion of erosion and accretion on the beach (Nordstrom and McCluskey, 1985; Nordstrom

et al., 1986). At longer time scales, the buildings could potentially change the dynamic state

of the adjacent dune system, as they may modify the amount and spatial distribution of

aeolian sand supply from the beach to the dune. Dunes provide natural flood protections

against storm surges. Therefore, the coastal safety might be affected as dunes become more

mobile and variability in height increases. Furthermore, a building could locally increase

deposition or cause intensive erosion around the structure. These morphological changes

affect the buildings at the beach. They might result in the need for sediment removal or

even cause the tilting of the structure that affects the building functionality. Therefore, peo-

ple move their houses elsewhere due to the excessive erosion and deposition, or change

the shape of their houses by constructing on poles, for example, to prevent the buildings’

dysfunctions. The impacts of buildings on wind flow and impacts of wind flow on build-

ings have been well addressed in the literature, focusing on applications such as pedestrian

wind comfort, air pollutant dispersion, heat transfer, natural ventilation and wind-driven

snow or rain around buildings. However, only a few studies have been conducted on the

effects of building characteristics, specifically the impacts of building dimensions, on near-

surface wind flow patterns and bed morphology at the beach. Fackrell (1984) and Beranek

(1984) conducted wind-tunnel studies to investigate wind flow around buildings with var-

ious dimensions. Fackrell (1984) found that the length of the recirculation region behind

the building, which was defined as the distance between the leeward face of the struc-

ture and the reattachment point of the separated flow, increases with increasing building

width normal to the flow direction as well as with decreasing building length parallel to the

flow direction. Martinuzzi and Tropea (1993) performed experiments to study the impact

of width-to-height aspect ratio, W /H , of surface mounted obstacles on the flow patterns

and parameters including windward separation and leeward reattachment lengths. They

found that the separation length in front of the obstacle increases with increasing width up

to about W /H ≈ 6 and then decreases slightly for higher ratios. The indications showed

that the reattachment length behind the obstacle increases linearly with increasing width

up to about W /H ≈ 4 and then asymptotically approaches a constant value. Considering

the impact of roughness elements, similar to buildings, on bed topography, Iversen et al.
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(1990) and Iversen et al. (1991) conducted wind-tunnel tests on the sand bed to determine

the impacts of obstacles with different dimensions on local aeolian erosion and deposi-

tion patterns. They found that the flow patterns and therefore the sand transport, depend

considerably on the obstacle aspect ratio which was defined as the ratio of obstacle height

to lateral width. Their studies showed that the observed erosion on the windward side of

the rectangular object was caused by the formation of a horseshoe-type vortex. In a more

detailed study performed by Tominaga et al. (2018), sand erosion and deposition patterns

around a surface-mounted cube was investigated using a wind-tunnel experiment. The re-

sults showed a considerable erosion at the upwind edges of the cube extended downwind

along the lateral faces, and a small amount of sand accumulation at the leeward face of the

cube. They found that the largest amount of erosion in the streamwise direction, x, occurs

at x/H = −0.75 in front of the windward face of the cube, while the largest amount of ero-

sion in the spanwise direction, z, occurs at z/H = 0.85 from the lateral sides of the cube,

where H was defined as the cube height. Luo et al. (2012) performed wind-tunnel tests to

improve the understanding of the airflow patterns downwind of cuboid obstacles and to

interpret the formation of the sand shadows observed behind obstacles in arid regions. In

their studies, they investigated the impact of obstacle shape ratio on both horizontal and

vertical airflow patterns around the structures. The shape ratio was defined as the ratio of

the top area of the obstacle to its frontal area normal to the wind direction. Considering

H as the height of the obstacle, the measurements showed that the flow begins to reattach

and move along the bed surface at some distance between 2.5H to 3H from the separation

point. They concluded that the formation of the low-velocity bubble downwind the ob-

stacle causes sediment deposition behind the leeward face. Sutton and McKenna Neuman

(2008) studied the impact of vortical structures formed in the vicinity and in the wake of the

cylindrical objects on the initiation of sediment transport. Their results show that the two

counter-rotating vortices in the lee of the cylindrical objects allow the sediment entrain-

ment to occur at lower wind speeds than that of required far away from the objects and in

their wakes. The spacing between the cylindrical objects influences the strength of the two

counter-rotating vortices, therefore may cause an increase in the sediment activity around

cylindrical objects.

Beyers and Waechter (2008) developed a CFD model to investigate the development of

wind-driven snowdrifts around buildings. As they noted in their study, it is necessary to

take the impacts of flow divergence into account in order to predict the development of

snowdrifts realistically, while the commonly used models only rely on the threshold wind

shear velocities to derive the snow erosion and deposition patterns around buildings.

The aforementioned studies show that the previous research mainly focused on the gen-

eral airflow patterns around the buildings. However, the detailed quantitative impacts of
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building dimensions on near-surface airflow patterns have remained poorly understood,

despite their important role in near-surface aeolian sediment transport. In addition, first

attempts to find a relation between near-surface airflow patterns and near-surface erosion

and deposition patterns around the buildings go back to the experimental work by Luo et al.

(2012). However, their study was limited to the airflow patterns behind the obstacles that

cause the evolution of sand shadows in arid regions over time. Furthermore, Poppema et al.

(2021) studied the size of deposition patterns around single buildings of different dimen-

sions. However, their study does lack the detailed information on airflow patterns inducing

those patterns.

Therefore, in the present study we systematically investigate the impact of building dimen-

sions on the nature and extent of near-surface airflow patterns and the potential morpho-

logical changes induced by those flow fields when buildings are placed at a sand surface. We

consider a wide area around the buildings to also capture the deposition patterns like those

observed by Poppema et al. (2021). The building dimensions considered are length, width

and height. The systematic study means that the building dimension is increased in each

direction, while the other two dimensions remain unchanged. The two main research ques-

tions this study addresses are: Q1) What are the detailed quantitative impacts of building

length, width and height on near-surface airflow patterns which drive wind-driven sedi-

ment transport around buildings?; Q2) What are the qualitative impacts of building length,

width and height, on initial morphologic changes driven by wind around buildings at the

beach?

In this paper, first a general description of airflow patterns and complex flow structures

around an isolated building or a cube are presented in Section 2.1.1. In Section 2.2, the nu-

merical modelling approach is explained. The detailed explanation of the numerical model

itself and the validation of the model are provided in Appendix 2.A and 2.B, respectively.

Results related to Question 1, on near-surface airflow patterns around buildings with differ-

ent length, width and height, are presented in Section 2.3.1. Results related to Question 2,

on the impact of building dimensions on wind-driven erosion and deposition patterns, are

presented in Section 2.3.2. The paper ends with the discussion in Section 2.4, and conclu-

sions that are presented in Section 2.5.

2.1.1. WIND FLOW AROUND AN ISOLATED BUILDING

T HE wind flow pattern in the vicinity of an isolated building is highly complex. The

intrusion of a building, that acts as an impermeable obstacle, into the atmospheric

boundary layer causes strong perturbations and complex flow structures in its vicinity. This

perturbation is characterized by converting mean kinetic energy to turbulent kinetic energy
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due to the formation of eddies that are rotating faster or slower than the eddies in the mean

flow (Oke et al., 2017). Figure 2.3 shows flow features around an isolated cubical building

with an orientation normal to the incident wind flow.

(a)

(b)

Figure 2.3: Schematic airflow patterns around an isolated cubical building with wind incidence angle perpendic-
ular to the building a) windward view, and b) leeward view (modified from Oke et al. (2017) and Blocken et al.
(2011)).

As wind approaches a building, the flow streamlines are deflected over and around the

structure which is due to the formation of high pressure gradients on the windward face.

A stagnation point with the highest pressure is formed on the windward face of the building

at an elevation approximately two thirds of the building height (Peterka et al., 1985; Blocken
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et al., 2011). The location of the stagnation point depends on the building frontal aspect ra-

tio, the height of the building in comparison with the height of the atmospheric boundary

layer and the surface roughness upwind of the building (Peterka et al., 1985). The approach-

ing flow diverges from the stagnation point to the zones with lower pressure including up

over the roof, around the lateral sides and down the windward face towards the surface.

When the upward and sideward flows encounter the windward edges of the building, they

are detached from the surface and flow separation takes place. The separation bubbles on

both the roof and the lateral sides of the building are characterized by the reverse flows, low

velocity distributions and relatively high turbulence intensities (Blocken et al., 2011). This

happens due to the air suction induced by low-pressure zones on the roof and lateral sides

of the building. The detached flow might reattach to the roof or side walls of the building

depending on the top and lateral aspect ratios, and upstream surface roughness that de-

termines the turbulence intensity of the incidence flow (Peterka et al., 1985; Hunt, 1971).

As mentioned earlier, some of the flow approaching the windward face of the building is

deflected downwards to the ground and moves in the reverse direction compared to the in-

cident wind direction. The reversed flow undercuts the incident wind flow and causes it to

be detached from the ground level and creates a standing vortex near the bed surface just

upstream the windward face of the building (Oke et al., 2017). This primary roll-like vortex

induces formation of additional vortices that are smaller in size and weaker than the main

vortex structure and are eventually connected to the primary vortex around the lateral sides

of the building. This vortex is then stretched around the side walls and is extended down-

wind the building creating a so-called horseshoe-shape vortex, shaded blue in Figure 2.3

(Peterka et al., 1985).

The flow structures formed behind the building are very complex. The low-pressure zone at

the leeward face of the building creates air suction in a so-called cavity region. In this region,

the along-wind flow passing over the roof of the building and two horizontally-oriented

flows around the lateral sides of the building move in the reverse direction compared to

the incidence wind flow, creating a recirculating zone just downstream of the leeward face

of the building. The dashed line downstream of the building in Figure 2.3b shows the end

of the cavity region where the streamlines are reattached to the ground surface (Oke et al.,

2017; Blocken et al., 2011). For a wind incidence angle perpendicular to the upwind face

of a cubical building, the height of the cavity region is about 1.5H , where H is the build-

ing height and the length of the cavity region extends to about 2.5 to 3H , measured from

the upstream face of the building. The flow interference increases with increasing building

width normal to the wind direction, therefore the cavity region height increases to some ex-

tent and its length reaches 12H for wide buildings with small height-to-width aspect ratios

(Meroney, 1982). The horizontal flow patterns behind the rear face of the building show
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the formation of two counter-rotating vortices that join their extensions at the vertical sym-

metry plane (yellow shaded vortex in Figure 2.3b). These spiral vortices entrain some air

from the horseshoe-shape vortex, created near the ground level, and whirl it upwards to

create a vertically-oriented arch-shape vortex just downstream of the building (Peterka et

al., 1985; Martinuzzi and Tropea, 1993; Meinders et al., 1999). Beyond the cavity region,

the reattached flow moving in the direction of approaching flow requires some distance to

recover the features of incidence wind flow and release all perturbations, separation im-

pacts and secondary flow structures induced by the presence of building. This occurs in the

so-called wake region that is characterized by velocity deficits, higher turbulence intensi-

ties and smaller scale eddies compared to the eddies in the incidence wind flow (Meroney,

1982; Peterka et al., 1985). The wake region typically persists to about 5 to 30H downwind

of the building and its height reaches to about 3 to 4H at a distance of 10H downstream of

the building (Meroney, 1982; Oke et al., 2017).

2.2. METHODS

2.2.1. COMPUTATIONAL FLUID DYNAMICS (CFD)

IN the past few decades, the advances in computing power have led to a significant progress

in the application of two and three-dimensional computational fluid dynamics models

in wind engineering and aeolian geomorphology (Bitsuamlak et al., 2004; Blocken et al.,

2011; Smyth, 2016). In CFD models, the flow motion is solved numerically using the Navier-

Stokes equations that are a set of partial differential equations including the conservation

of mass, conservation of momentum in three dimensions and the conservation of energy.

Considering the finite volume method, the computational domain is discretized into a finite

number of control volumes and using numerical algorithms, the governing Navier-Stokes

equations are integrated over all control volumes. This results in the conversion of partial

differential equations into a set of algebraic equations before solving them (Versteeg and

Malalasekera, 1995). For a systematic study of the effect of building dimensions on air-

flow, application of computational fluid dynamics offers considerable advantages over field

measurements and wind-tunnel experiments. The main advantage is that the geometrical

design and boundary conditions such as wind speed, incidence angle and shear velocity as

well as surface roughness can be changed relatively quickly to systematically analyze the in-

fluence of an individual parameter on results. Moreover, the flow field can be solved in very

small control volumes that enables the observation of detailed flow features. In addition,

CFD simulations avoid scaling issues that might happen in wind-tunnel experiments as the

geometrical design can be modelled exactly at the dimensions of interest. This facilitates

the validation procedure, since the flow features at the same spatial scales can be com-
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pared in both numerical model and experimental results. Furthermore, CFD models avoid

the impacts of walls in wind-tunnel experiments, using appropriate boundary conditions.

This permits wind flow to leave the computational domain from the lateral sides and the

outlet of the domain, and avoids the reflective impacts of walls (Versteeg and Malalasek-

era, 1995; Blocken et al., 2011; Smyth, 2016). A main disadvantage of CFD is that it can

be computationally expensive when increasing the resolution of the computational mesh

and/or the size of the computational domain. In practice, the required level of detail and

the minimum required three-dimensional space to be simulated, put a limit to the number

of cases that are feasible to simulate in a given study. In this study, a numerical model is

developed using OpenFOAM, which is an open-source CFD software. The details of the nu-

merical model including governing equations, turbulence modelling, boundary conditions

and initial internal fields are presented in Appendix 2A of this paper. The model validation is

presented in Appendix 2B of this paper, which shows the capability of the numerical model

in predicting the airflow patterns around an isolated building.

2.2.2. COMPUTATIONAL DOMAIN

A Three-dimensional rectangular computational domain, shown in Figure 2.4, is con-

sidered for modelling airflow patterns around an isolated building. The definition of

the geometric parameters shown in Figure 2.4, are given in Table 2.1. Essentially, the scale

models of buildings in a numerical wind-tunnel without side wall effects are simulated. We

study the impact of relative increases in each dimension, using scale model sized buildings.

The dimensions of both the computational domain and the building are selected based on

the wind-tunnel experiments performed by Leitl and Schatzmann (2010), and their mea-

surements are used in Appendix 2B of this paper for the model validation. It should be

noted that using such a small-scale model in comparison with real buildings at the beach

shows the capability of CFD in simulating scaled models. The computational domain inlet

is located at x = 0 m, and the domain length, width and height are (L"
u +L"

d )× 2W " × H ",

respectively. A rectangular surface-mounted building with the length of l ", width of w" and

height of h" is specified within the computational domain, where the building center is lo-

cated at x = 1 m. The computational domain and the building dimensions are symmetric in

the spanwise direction, z. The so-called blockMesh and refineMesh utilities in OpenFOAM

are used to create structured hexahedral mesh over the computational domain.

In this study, a computational domain with the length of 3 m, width of 2 m and height of

1.5 m is used. The reference building with the length of l "
0, width of w"

0, and height of h"
0,

is considered within the domain. The atmospheric boundary layer parameters are chosen

based on the wind-tunnel experiments performed by Leitl and Schatzmann (2010) that are

presented in Appendix 2A.3. Considering computational grids with a size almost equal to
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0.0125 m and a height of the ground adjacent cells of 0.03 m, the total number of cells in the

mesh is approximately 4.57 million. In order to systematically study the impacts of building

length, width and height, the reference building is increased in each direction up to three

times the reference quantity, while the other two dimensions remain constant. This results

in thirteen different simulations as specified in Table 2.2. It should be noted that the build-

ing center in all simulations is located at x = 1 m.

Figure 2.4: Schematic configuration of the computational domain and the surface-mounted building.

Table 2.1: Definition and values of the geometric parameters of the computational domain and the surface-
mounted building.

Parameter Definition

L"
u Upstream distance between the domain inlet and the

building centerline

L"
d Downstream distance between the domain outlet and

the building centerline

W " Lateral distance between the lateral sides of the domain
and the building centerline

H " Height of the domain

l " Length of the building

w" Width of the building

h" Height of the building
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Table 2.2: An overview of the conducted simulations and the building dimensions in each case. The length, width
and height of the computational domain is 3 m, 2 m and 1.5 m, respectively.

Simulation
ID

Building length (l ")
[m]

Building width (w")
[m]

Building height (h")
[m]

Reference building

l "
0 ×w"

0 ×h"
0 0.1000 0.1500 0.1250

Impact of building length

1.5l "
0×w"

0×h"
0 0.1500 0.1500 0.1250

2l "
0 ×w"

0 ×h"
0 0.2000 0.1500 0.1250

2.5l "
0×w"

0×h"
0 0.2500 0.1500 0.1250

3l "
0 ×w"

0 ×h"
0 0.3000 0.1500 0.1250

Impact of building width

l "
0×1.5w"

0×h"
0 0.1000 0.2250 0.1250

l "
0 ×2w"

0 ×h"
0 0.1000 0.3000 0.1250

l "
0×2.5w"

0×h"
0 0.1000 0.3750 0.1250

l "
0 ×3w"

0 ×h"
0 0.1000 0.4500 0.1250

Impact of building height

l "
0×w"

0×1.5h"
0 0.1000 0.1500 0.1875

l "
0 ×w"

0 ×2h"
0 0.1000 0.1500 0.2500

l "
0×w"

0×2.5h"
0 0.1000 0.1500 0.3125

l "
0 ×w"

0 ×3h"
0 0.1000 0.1500 0.3750

2.2.3. METHODOLOGY FOR DERIVING BED LEVEL CHANGE FROM AIRFLOW PAT-

TERNS

IN this study, we are interested in predicting the potential impact of airflow patterns

around buildings on the bed level changes of the surrounding area when that area con-

sists of moveable substrate. Commonly used sediment transport models show that the sed-

iment transport rate, q , is proportional to the third-order velocity field (q ∝−→
U 3) (Bagnold,

1936; O’brien and Rindlaub, 1936; Kawamura, 1951; Zingg, 1953; Owen, 1964; Hsu, 1971;

Iversen et al., 1976; Maegley, 1976; Lettau and Lettau, 1977; B. R. White, 1979). In this study,

it is assumed that the sediment will transport at the near-bed wind speed, and it will stay

close to the bed. Therefore, as a first step, the vertical component of the velocity field can

be neglected and the sediment transport rate can be written in the following form:
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q ∝ (|−−→UH |2−−→UH ) (2.1)

where the index H denotes the horizontal near-surface velocity field. The Exner equation

states that the temporal rate of change in bed elevation is proportional to the convergence

of sediment transport rate:

∂zb

∂t
∝−∇·q (2.2)

where zb [m] is the bed elevation, t [s] is the time, and q [kg/m/s] is the sediment transport

rate. Substituting Eq. 2.1 into Eq. 4.2 gives:

∂zb

∂t
∝−∇· (|−−→UH |2−−→UH ) (2.3)

Considering Eq. 2.3, a positive convergence of the third-order horizontal wind velocity field

in a near-surface plane implies a decrease in sand transport rate hence deposition. Sim-

ilarly, a negative convergence of the third-order horizontal wind velocity field in a near-

surface plane implies an increase in sand transport rate hence erosion:

−∇· (|−−→UH |2−−→UH ) > 0 → Deposi t i on

−∇· (|−−→UH |2−−→UH ) < 0 → Er osi on
(2.4)

2.3. RESULTS

2.3.1. NEAR-SURFACE AIRFLOW PATTERN

THE impacts of building dimensions on airflow patterns near the beach surface and the

potential implications for bed morphology are investigated. We focus on investigating

the impacts of building length, width and height on near-surface airflow patterns, as our

main motivation for this work is its implication for sediment transport. Therefore, we show

the results of wind velocity magnitude at a horizontal plane close to the bed, i.e. y = 0.0125

m, which is located at an elevation equal to ten percent of the reference building height.

The impact of building length parallel to the incidence wind direction on near-surface wind

velocity magnitude is presented in Figures 2.5a-e. The first glance into the results shows

that the building length does not have significant impact on the near-surface airflow pat-

terns adjacent to the building. In order to take a deeper look into results, the effect of build-

ing length on the length of the downwind recirculation region just behind the building, Ld ,

which is defined as the distance between the reattachment point of the separated flow and
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the leeward face of the building, is shown in Figure 2.5f. It should be noted that the reat-

tachment point at a near-surface plane, y = 0.0125 m, is located on the centreline of the

computational domain, where the horizontal component of the velocity, u, changes in sign.

Figure 2.5: The impact of building length on a-e) wind velocity magnitude (color) and direction (streamlines), f)
length of the downwind recirculation region, Ld , just behind the leeward face of the building along the center-
line, g) wind velocity magnitude downstream of the building after flow reattachment along the centerline, and h)
streamwise, u, and vertical wind velocity components, v , upstream of the building along the centerline. Results
are derived for a horizontal near-surface plane, y = 0.0125 m. The building width and height are w"

0 and h"
0, re-

spectively. The building length, l ", is varied as l "
0, 1.5l "

0, 2l "
0, 2.5l "

0, and 3l "
0.
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As shown in Figure 2.5f, the length of the recirculation zone just downstream of the build-

ing rear face decreases with increasing building length. This happened due to the reattach-

ment of the detached flow on the roof of the longer building. In order to understand to what

extent the velocity deficits due to the presence of the buildings with different lengths con-

tinue downwind of the reattachment point, Figure 2.5g shows the changes in wind velocity

magnitude along the domain centreline with respect to the distance from the reattachment

point. According to Figure 2.5g, the wind velocity magnitude increases gradually with in-

creasing distance from the reattachment point until it eventually reaches the undisturbed

wind velocity magnitude. Furthermore, the results show that it takes a bit longer distance

for the wind to reach a certain speed for the longer building.

Figure 2.5h shows how streamwise and vertical velocity components change along the do-

main centreline as the wind approaches the windward face of the building. Figure 2.5h

shows that the near-surface streamwise wind velocity generally decreases with decreasing

distance from the windward face of the building, where it changes more rapidly when the

distance from the building front face is smaller. The vertical wind velocity is approximately

zero until the wind is close the building’s windward face, where a local peak occurs due to

the small recirculation region that forms in front of the building and close to the surface.

This recirculation develops due to downward deflection of the flow along the front face of

the building to the ground, where it deflects again leading to near-bed flow in the opposite

direction of the incident wind direction. The results further show that building length has

no influence on the length of the upstream area with reduced streamwise wind velocities.

The impact of building width on near-surface wind velocity magnitude is presented in Fig-

ures 2.6a-e. The general flow patterns show that the wider building disturbs a longer and

wider area both in front of the windward face and behind the leeward face of the building.

Furthermore, the wind velocity magnitude of the flow passing around the windward edges

and the lateral sides of the building increases with increasing building width. The reason

is that the wind flow approaching the front face of the building is separated into two flow

branches in the horizontal plane, passing around the sidewalls of the building. The pressure

gradient between the point of separation, in the middle of the building width, and the up-

wind edges of the wider building is greater, causing the higher wind velocity magnitude val-

ues around the windward edges and the lateral sides of the building. Figure 2.6f shows the

effect of building width on the length of the recirculation region just behind the leeward face

of the building, Ld . The comparisons between the five different building widths show that

the wider building causes the formation of a longer recirculation region just downstream of

the building. It can be seen that there is a linear relation between the width of the building

and the length of the downwind recirculation zone. The steep slope of the trendline shows

that the length of the recirculation zone is highly sensitive to the building width. The results
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Figure 2.6: The impact of building width on a-e) wind velocity magnitude (color) and direction (streamlines), f)
length of the downwind recirculation region, Ld , just behind the leeward face of the building along the center-
line, g) wind velocity magnitude downstream of the building after flow reattachment along the centerline, and h)
streamwise, u, and vertical wind velocity components, v , upstream of the building along the centerline. Results
are derived for a horizontal near-surface plane, y = 0.0125 m. The building length and height are l "

0 and h"
0, re-

spectively. The building width, w", is varied as w"
0, 1.5w"

0, 2w"
0, 2.5w"

0, and 3w"
0.

of wind velocity magnitude downstream of the flow reattachment point presented in Figure

2.6g show that behind a wider building the near surface wind velocity magnitude recovers



2.3. RESULTS

2

29

more slowly over distance from the velocity deficit at the flow reattachment point, where

near surface wind velocity magnitude is almost zero.

The changes in streamwise and vertical wind velocities upstream of the windward face of

the building are presented in Figure 2.6h. The results show that the wider the building,

the further upwind of the building the minimums of the wind velocity components occur,

meaning that the size of the near-bed recirculation region in front of the building increases

with increasing building width. Furthermore, it can be concluded from the figure that the

streamwise wind velocity deficit for the wider building continue for a longer distance up-

stream of the building. However, the rate of change decreases with increasing building

width. The streamwise wind velocity reaches the undisturbed wind field far away from the

building. The negative streamwise wind velocity shows the reversed flow, which depends

on the size of the recirculation region in front of the building, and the elevation at which the

results were plotted (y = 0.0125 m in this study).

The impact of building height on near-surface wind velocity magnitude is presented in Fig-

ures 2.7a-e. The overall flow patterns show more substantial disturbance downstream of the

building than upstream of the building. Furthermore, the wind velocity magnitude around

the upwind edges and the lateral sides of the building increase considerably with increasing

building height. It is obvious that the increase in the near-surface wind velocity magnitude

is greater when the building is getting higher in comparison to getting wider. This can be ex-

plained by both the pressure gradient and the friction effects that dissipate higher amounts

of kinetic energy of the wind flow when passing around the wider buildings. For the wider

building, the near-surface flow approaching the building and deflecting towards the lateral

sides, travels a longer distance towards the flow detachment at the windward corners of

the building compared to the higher building. Therefore, frictional effects act over a longer

distance and dissipate higher amounts of kinetic energy of the airflow which, in turn, re-

sult in lower wind velocity magnitude around the lateral sides of the wider building. Figure

2.7f shows that the taller building creates two longer counter-rotating vortices, therefore a

longer recirculation region downstream of the building, Ld .

The comparisons between five buildings with different heights (Figure 2.7f) show the high

sensitivity of the length of the downwind recirculation zone to building height, however

the slope of the trendline shows that the impact of building height on the length of the

downwind recirculation zone is smaller than that of building width. As shown in Figure

2.7g, the influence of building height on the extension of the velocity deficits downwind of

the flow reattachment point follows the same pattern as the building width, meaning that

the velocity deficits continue for a longer distance from the reattachment point for the taller

building. However, the rate of wind velocity magnitude increase over distance is smaller
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Figure 2.7: The impact of building height on a-e) wind velocity magnitude (color) and direction (streamlines), f)
length of the downwind recirculation region, Ld , just behind the leeward face of the building along the centerline,
g) wind velocity magnitude downstream of the building after flow reattachment along the centerline, and h) wind
velocity magnitude, streamwise, u, and vertical velocity components, v , upstream of the building along the cen-
terline. Results are derived for a horizontal near-surface plane, y = 0.0125 m. The building length and width are l "

0
and w"

0, respectively. The building height, h", is varied as h"
0, 1.5h"

0, 2h"
0, 2.5h"

0, and 3h"
0.

than that for buildings with different widths.

An effect of building height on the streamwise and vertical wind velocities upwind of the
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building is that a taller building creates the local wind velocity magnitude peak at a larger

distance from the windward face of the building (Figure 2.7h). In addition, Figure 7h shows

that the wind velocity magnitude at the center of the recirculation region formed in front

of the windward face of the taller building is highest. For the taller building, the wind flow

can be less easily released over the building. Therefore, a larger portion of the wind flow

moves downwards along the windward face of the building and towards the lateral sides of

the building. This implies winds at higher elevation, with higher amount of kinetic energy,

move downward. The high-speed downward directed airflow causes the formation of the

recirculation region with high-speed magnitudes in front of the taller building. It can be

understood from the figure that the length of the low-speed region in front of the building

increases with increasing building height, however the rate of change decreases when the

building height increases. It is also noteworthy that the magnitude of the local minimum in

near-surface windspeed increases with building height to such an extent that there is hardly

a difference for the tallest building. The reason is that the flow can move over the smaller

building, while more flow blockage happens when the building height increases. This might

increase the size of the circulation region in front of the building, and the local minimum in

near-surface windspeed.

2.3.2. IMPACTS OF BUILDING DIMENSIONS ON INITIAL BED LEVEL CHANGE

2.3.2.1. CONVERGENCE OF THE THIRD-ORDER HORIZONTAL NEAR-SURFACE FLOW FIELD AS A

PROXY FOR INITIAL BED LEVEL CHANGE

IN order to validate the assumption that the convergence of the third-order horizontal

near-surface flow field is a good proxy for initial bed level change, and to study the im-

pact of scaling on erosion and deposition patterns around buildings, two new airflow sim-

ulations were made. The first simulation is a full-scale building with the length, width and

height of 12 m, 2.5 m and 2.5 m, respectively, that is exactly with the same dimension as

the full-scale building tested at the Noordwijk beach. It should be noted that he inflow

boundary condition for the large-scale simulation are the same as the smaller scale simu-

lations (Appendix 2A.3). The second simulation is a small-scale building with the length,

width and height of 0.72 m, 0.15 m and 0.15 m, respectively. It should be noted that these

dimensions were selected in a way to reproduce the same frontal and lateral aspect ratios

as the full-scale building tested at the Noordwijk beach. Both full-scale and small-scale nu-

merical model results for the bed level rate of change derived from the convergence of the

third-order horizontal wind velocity field at near-surface planes are compared qualitatively

to field observations of erosion and deposition patterns around experimental models at the

beach (Figure 2.8 and Figure 2.9). The full-scale model at the beach near Noordwijk in the

Netherlands consists of two shipping containers that were placed besides each other with
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the total size of 12×2.5×2.5 m in length, width and height, respectively. The containers were

placed alongshore and parallel to the dunes with a distance of 20 m from the dune foot. The

dominant wind direction was parallel or in a small angle with model’s centerline. A more

extensive description of the experimental models at the beach can be found in Poppema

et al. (2021).

Figure 2.8: Numerical model predictions of the erosion and deposition patterns inferred from the convergence of
the third-order horizontal wind velocity field at a horizontal near-surface plane, a) y = 0.25 m for the full-scale
building, and b) y = 0.015 m for the small-scale building. The wind direction is from the left and perpendicular to
the front face of the buildings. The white lines are zero contours.

As shown by the yellow to red shaded colors in Figure 2.8 (both small-scale and full-scale

buildings), the highest negative values of the convergence of the third-order horizontal

near-surface velocity field occur in a small area around the upwind corners of the building,

indicating this location is prone to erosion in case of a moveable bed and the most intensive

amount of erosion is expected to happen there. Figures 2.9a-d show erosion undercutting

around the upwind edges of the full-scale container at beach, which is the same pattern as

what is predicted based on the numerical model results. Note that the upwind scour zone

in front of the building is more strongly developed in the field observations than in the cal-

culated patterns. This might be an effect of topographic feedback, which is absent in the

calculations of initial bed level change. The numerical results predict a deposition region

upstream of the building (blue shaded colors). Furthermore, two deposition tails starting

from some distance away from the lateral sides of the building to downstream of the build-

ing form. The field observations given in Figures 2.9c-f show the same deposition region
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(a) (b)

(c) (d)

(e) (f)

Figure 2.9: Field observations of erosion and deposition patterns around a a-d) full-scale model at Noordwijk
beach, and e, f) small-scale models at De Zandmotor beach, the Netherlands. The arrows show the wind directions.
(Figures c, e and f were obtained from Poppema et al. (2021)).

with lighter colored sand upwind of buildings, which is accompanied with two tails that are

formed at some distance from the sidewalls of the building and extended to some extent

downstream of the building. It is also seen in both numerical model results and field obser-

vations, that erosion happens directly along the lateral sides of the building, bounded on the

outside by the inner edges of the deposition tails. The above comparisons show that there is

a quite good qualitative agreement between observed and modeled erosion and deposition

patterns. This provides support for our assumption that the convergence of the third-order
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horizontal wind velocity field at a near-surface plane is a suitable proxy for predicting bed

level change. Furthermore, the small-scale and large-scale numerical simulations qualita-

tively show the same patterns of bed morphology, indicating that the overall erosion and

deposition patterns are not affected by the scale of the simulation. Therefore, the results of

this study are applicable for full-scale buildings at the beach. It is also noteworthy that the

erosion and deposition patterns both in the model as well as in the field develop slower for

the larger scale buildings. Furthermore, the actual rates of erosion and deposition around

buildings depend on the proportionality coefficient in Eq. 2.1. It should be noted that the

shape and the dimension of the erosion and deposition patterns around buildings do not

depend on the proportionality coefficient.

2.3.2.2. RELATION BETWEEN BUILDING DIMENSIONS AND PATTERNS OF WIND-DRIVEN BED

LEVEL CHANGE

THE results of the convergence of the third-order horizontal wind velocity field at a near-

surface plane are derived for the previously mentioned simulations specified in Table

2.2. The impact of building length on bed morphology is investigated using Figure 2.10.

The two deposition tails that form at some distance from the lateral sides of the building to

downstream increase in length, while the deposition rate decreases with increasing build-

ing length (see the blue-shaded colors with positive convergence). Furthermore, the erod-

ing regions that occur between the lateral sides of the building and the inner boundary of

the deposition tails increase in size when the building length increases (see the zero contour

lines). The overall results show that the impact of building length on the convergence pat-

tern of the third-order horizontal near-surface velocity field around the building is small.

Therefore, it is expected that the magnitude of the building length does not have a large

effect on the bed morphology that develops around the building.

Figure 2.11 shows the impact of building width on bed morphology. The figure shows that

for all five tested building widths, the most intensive erosion is expected to happen around

the upwind edges of the building. The results show that when the building width increases,

the spatial extent of the deposition region in front of the upwind face of the building in-

creases too, and the two deposition tails become slightly longer and wider. The rate of de-

position however slightly decreases as the building becomes broader, both in front of the

building and in the deposition tails. In addition, the deposition rate just behind the leeward

face of the building slightly increases as the building width increases (see the small areas

with darker blue-shaded colors just behind the building). It is also noteworthy that, initially

the erosion is maximum at the centerline behind the building. However, as the building

gets wider, the maximum erosion splits and the erosion rate at the centerline reduces in

magnitude and regions of deposition start to form.
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Figure 2.10: The Impact of building length on erosion and deposition patterns inferred from the convergence of
the third-order horizontal wind velocity field at a near-surface plane, y = 0.0125 m. The building width and height
are w"

0 and h"
0, respectively. The building length, l ", is varied as a) l "

0, b) 1.5l "
0, c) 2l "

0, d) 2.5l "
0, and e) 3l "

0.

The impact of building height on bed morphology is investigated using Figure 2.12. Results

show that the areal extent of the upwind erosion around the windward edges of the build-

ing increases with increasing building height. Furthermore, it is revealed that an increase in

building height leads to a substantial reduction in the deposition rate upwind of the build-

ing. However, the area with deposition (darker blue-shaded colors) in front of the building

increases in spatial extent with increasing building height. The downstream and lateral ex-

tension of the two deposition tails increases when the building becomes taller. These im-

plications can be explained by Figures 2.7a-e, where the higher wind velocity magnitudes

occur around the upwind edges and lateral sides of the taller building. This higher-speed

wind flow erodes more sediment particles upwind the building and carries them for a longer
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Figure 2.11: The Impact of building width on erosion and deposition patterns inferred from the convergence of the
third-order horizontal wind velocity field at a near-surface plane, y = 0.0125 m. The building length and height are
l "
0 and h"

0, respectively. The building width, w", is varied as a) w"
0, b) 1.5w"

0, c) 2w"
0, d) 2.5w"

0, and e) 3w"
0.

distance downstream of the building. Therefore, it is probable that when the building in-

creases in height, a shift occurs from mainly sedimentation in front of the building to mainly

sedimentation in the tails. In addition, Figure 2.12 shows that the rate of sand accumula-

tion in a small area just behind the leeward face of the building slightly increases when the

building height increases.

2.4. DISCUSSION

IN the present study, a CFD model using OpenFOAM was developed to investigate the

impacts of building dimensions, specifically building length, width and height on near-
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Figure 2.12: The Impact of building height on erosion and deposition patterns inferred from the convergence of
the third-order horizontal wind velocity field at a near-surface plane, y = 0.0125 m. The building length and width
are l "

0 and w"
0, respectively. The building height, h", is varied as h"

0, 1.5h"
0, 2h"

0, 2.5h"
0, and 3h"

0.

surface airflow patterns and bed morphology. The numerical results of the flow field around

the building were consistent with the observed flow patterns by Martinuzzi and Tropea

(1993) and Leitl and Schatzmann (2010). Similar to the observations by Martinuzzi and

Tropea (1993), we found that the size of the near-bed recirculation region in front of the

building increases with increasing building width. This can be realized by comparing the

length of the local peaks shown in Figure 2.6h. Furthermore, the results of the present study

shown in Figure 2.6f, indicates that the downstream reattachment length increases linearly

with building width, which is consistent with the findings by Fackrell (1984) and Martinuzzi

and Tropea (1993). It should be noted that these findings are based on tested simulations

with certain range of width-to-height aspect ratio up to about four, w"/h" ≈ 4.
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For the bed surface of the numerical domain, representing a sandy bed, a uniform aero-

dynamic roughness length, y0, was assumed based on the wind-tunnel experiments per-

formed by Leitl and Schatzmann (2010). This assumption leads to some inconsistencies

with the real condition on the beach that can be considered as the model limitations. On

dry enough parts of the beach, sand ripples can form over time under windy conditions,

changing the bed roughness and therefore the near-surface airflow changes. However, the

good agreements between the model predictions of the erosion and deposition patterns

with field observations indicate that ripples do not affect the overall patterns, but they might

only modify the spatial extents.

The convergence of the third-order horizontal near-surface wind velocity field was used in

this study as a proxy for initial bed level change, because in commonly used sediment trans-

port models the sediment transport rate is assumed to be proportional to the third-order

velocity field. Strictly speaking, this assumption is only valid for a situation with trans-

port limited conditions, however on the beach also supply limited conditions occur due

to effects of moisture (Delgado-Fernandez, 2010; Nolet et al., 2014; Hoonhout and De Vries,

2019) which may affect the rate at which bed level changes develop. Moisture may affect the

amount of sediment in transport approaching the building. This may specifically affect the

rate at which deposition patterns around a building develop. In the extreme condition, if no

sediment is in transport at all due to very wet condition, no deposition patterns can develop

because there is no sediment in the airflow. Furthermore, moist beach surface around the

building itself may affect the rate at which building induced erosion occurs, hence it takes

more time for erosive features to develop. In addition, in this study, the threshold wind

speed was not taken into account. It should be noted that if the wind speed becomes less

than the threshold wind speed at which the sediment particles start moving, no sediment

transport will happen. Figure 2.13 shows the results of the convergence of the third-order

horizontal wind velocity field at a near-surface plane when the wind approaches the build-

ing at higher wind velocity magnitude, ur e f = 17 m/s (compared to ur e f = 6 m/s in Figure

2.8a). The results show that at higher wind speeds where the majority of the domain is

well above the threshold wind speed, the similar erosion and deposition patterns develop.

It should be noted that the rate of development of patterns increases with increasing the

wind velocity magnitude (compared to Figure 2.8a).

McKenna Neuman and Bédard (2015) showed that the fluid perturbation and the system of

vortices that develop around buildings depend on the integration between both buildings

and the bed surface. In the present study, we used steady airflow patterns around buildings

to infer initial effects on bed morphology, hence morphological feedback was not taken into

account in this approach. Nevertheless, the erosion and deposition patterns predicted by

the numerical model showed good agreement with field observations around the full-scale
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Figure 2.13: Numerical model predictions of the erosion and deposition patterns inferred from the convergence of
the third-order horizontal wind velocity field at a horizontal near-surface plane, y = 0.25 m, around the full-scale
building. The reference wind velocity magnitude is 17 m/s at a reference height of 1.8 m. The wind direction is
from the left and perpendicular to the front face of the building. The white lines are zero contours.

model and the small-scale model at the beach. The model results showed a considerable

erosion around the windward edges of the building, extending less intensively than at the

edges along the lateral sides. In addition, the deposition region in front of the upwind face of

the building and two deposition tails starting away from the lateral sides of the building and

extending downstream of the building occur in all simulations. These findings are similar

to the observations by Iversen et al. (1990), Iversen et al. (1991), Tominaga et al. (2018) and

Poppema et al. (2021).

To consider the impact of scaling on numerical results shown in this study, the erosion and

deposition patterns between a full-scale model and a small-scale model at the beach were

compared qualitatively. The comparisons showed that the erosion and deposition patterns

that develop around the buildings are not influenced when the scale of the simulation in-

creases. However, the rate of growth of the patterns decreases with increasing the scale of

the simulation. This is also valid for small-scale and full-scale experimental models at the

beach.

The initial morphological changes predicted by the model show a central downwind depo-

sition just behind the leeward face of the building starts to appear when the building width

increases (see Figure 2.11). The reason is that, two horizontal counter-rotating vortices be-

come stronger as the building width increases (see Figures 2.6a-e). These two vortices push

the air towards the centerline behind the building. The air gets pushed upward resulting in

an upward component of the wind. On the other hand, the vertical recirculation just behind

the building generates a downward motion at the position above the deposition region. For
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wider building, the upward effect of the two horizontal vortices becomes stronger than the

downward effect of the vertical vortex which leads to a net upward flow. The net upward

flow results in positive convergence of third-order horizontal velocity field at a near-surface

plane. Therefore, the erosion and deposition patterns show the formation of a deposition

region just behind the leeward face of the wider building.

In this paper we studied buildings on a flat sand surface, whereas on an actual beach build-

ings are often built in front of a dune. Although dune topography was not included in the

simulations, some preliminary implications of building dimensions for sand supply from

the beach to the dunes may be formulated from the presented results. The convergence pat-

terns in the near-surface flow field induced by the building demonstrate that ambient sand

transport will be captured by the building, both upwind and in two downwind tails. The

rate of deposition in the two tails varies with building dimension. If we assume these trends

prevail also in the presence of dune topography downwind of the building, such higher rate

of deposition would mean an increasingly higher deposition on the dune front at the tail

location. From our results of the deposition patterns downstream of the buildings, it can

then be derived that the highest building is expected to give the strongest local increase in

deposition at the dune front and the longest building the least. Note this holds for situ-

ations with predominantly onshore wind. The ridge-like deposition in front of the wider

building increases in size as the building becomes broader. In ad-dition, the eroding re-

gion around the windward edges of the building increases substantially with increasing the

building height. These might lead to building’s miss-functioning and probably tilting that

forces the owners of the beach buildings to consider measures to smoothen the surface or

prevent the development of these patterns.

2.5. CONCLUSIONS

IN this study, the impacts of building dimensions on near-surface airflow patterns were

investigated as well as the implications for bed morphology in case of a surrounding

sandy bed. Specifically, three building characteristics were studied: the building length

parallel to the incident wind direction, building width perpendicular to the incidence wind

direction and building height. For this purpose, a CFD model using OpenFOAM was devel-

oped. The numerical model predictions showed satisfactory agreement with wind-tunnel

data of vertical and horizontal wind velocity profiles in the vicinity of the scale model of

buildings, providing confidence in the capability of the model to predict the detailed air-

flow patterns around an isolated building at the beach.

Using this model, a systematic investigation revealed the effects of building length, width

and height on airflow patterns at a horizontal plane close to the bed. The results on the
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relation between building dimensions and near-surface airflow patterns were consistent

with those found in Iversen et al. (1990), Iversen et al. (1991) and Martinuzzi and Tropea

(1993), where width and height of the building were most influential in the extent and na-

ture of near-surface airflow patterns around the building and downwind length least. Only

the length of the recirculation region just behind the leeward face of the building decreases

slightly when the building increases in length. This was consistent with findings in Fackrell

(1984). By focusing on near-surface flows both in front of the building and down-stream of

the building, our simulations further revealed that a wider building disturbs a longer and

wider region both in front of the building and downstream of the building. The distance at

which the upwind deceleration of the airflow starts as it approaches the building increases

with building width. The numerical results presented in this study highlighted that with

increasing building height, the length of the two counter-rotating vortices just behind the

leeward face of the building increases considerably, and with it the length of the recircula-

tion region. Furthermore, with taller buildings it takes a longer distance for the near-surface

wind leeward of the building to increase its speed back to the undisturbed wind velocity

magnitude.

The convergence of the third-order horizontal near-surface wind velocity field was used

as a proxy for sediment transport rate. Although inferred erosion and deposition patterns

technically only relate to initial bed level changes, it was found that these compared well to

those observed around a full-scale model and a small-scale model at Noordwijk beach and

De Zandmotor beach in the Netherlands (Poppema et al., 2021).

As for the near-surface airflow patterns, also the initial bed morphology was most depen-

dent on the building width normal to the incidence wind direction as well as the building

height, and least on the length of the building parallel to the incidence wind direction. In

addition, it was found that for all studied building dimensions, the most intensive erosion is

expected to happen around the upwind edges of the building, where the undercutting was

observed in the field experiments. The initial bed morphology revealed that the areal extent

of these eroding regions directly adjacent to the windward edges of the building increases

when the building becomes taller. By focusing on the initial deposition patterns around

buildings, the numerical simulations highlighted that the deposition tails downstream of

the buildings develop more slowly as the building length increases. Furthermore, sediment

deposition that occurs in front of the upwind face of the building becomes larger in spa-

tial extent, and the length of the two deposition tails downstream of the building slightly

increases as the building becomes broader. The deposition rate both in the ridge-like depo-

sition in front of the building and in the deposition tails slightly decreases with increasing

building width. This implies that the wider the building, the broader and shallower the de-

position region in front of the windward face of the building. A small area of sand accumu-
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lation appears just behind the leeward face of the building as the building width increases.

The numerical results further revealed that with increasing building height the sedimenta-

tion rate further upwind of the building decreases, while it increases in the downwind tails.
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2.A. APPENDIX: DEVELOPMENT OF THE NUMERICAL MODEL

2.A.1. GOVERNING EQUATIONS

IN this study, a three-dimensional numerical model is developed using OpenFOAM. The

wind flow in this model is considered as incompressible, since for the flow with Mach

numbers less than 0.3, the change in flow density is negligible and the divergence of flow

velocity can be considered zero (Ferziger and Peric, 2002). The Mach number is a dimen-

sionless parameter, defined as the ratio of the speed of flow to the speed of sound in the

surrounding flow (Hoonhout and De Vries, 2019). The Mach number of 0.3 corresponds

to the airflow with the speed of about 100 m/s in its normal condition, which is typically

greater than the wind speed (Shapiro, 1953). In addition, considering the Reynolds num-

ber criteria, the wind flow in this study is assumed fully turbulent. Therefore, among all

available OpenFOAM solvers for incompressible flows, the so-called simpleFoam solver is

selected, which is recommended for steady state simulation of turbulent flows.

The simpleFoam algorithm solves the Reynolds-averaged Navier-Stokes (RANS) equations

for turbulent flows using the finite volume method (FVM). The RANS method employs the

Reynolds decomposition of flow variables into mean and fluctuating parts, and solves the

additional Reynolds stresses that appear in the momentum equations of flow using a tur-

bulence model (Versteeg and Malalasekera, 1995; Ferziger and Peric, 2002; Moukalled et al.,

2016). Considering that the conservation of energy is only applied for compressible flows,

the governing equations of the three-dimensional flow field can be expressed by continuity

and momentum equations that can be written in their steady states as follows:

−→∇ ·−→U = 0 (2.A.1)

−→∇ · (
−→
U ⊗−→

U ) =−−→∇pk +−→∇ · (νe f f
−→∇−→

U ) (2.A.2)

where
−→
U = (u, v, w) [m/s] is the three-dimensional flow velocity vector; pk [m2/s2] is the

kinematic pressure, defined as the ratio of the static pressure, ps [Pa], to the flow density, ρ

[kg/m3]; νe f f [m2/s] is the effective kinematic viscosity, defined as the sum of the kinematic

viscosity of the flow, ν [m2/s], and the turbulent (eddy) kinematic viscosity, νt [m2/s], which

is calculated from the turbulence model. In the present study, the kinematic viscosity of the

air, ν, is considered as 1.4×10−5 m2/s.

Although Eqs. 2.A.1 and 2.A.2 introduce 4 equations and 4 unknowns (u, v, w, pk ), they are

difficult to be solved numerically. The main reason is that there is an equation for each com-
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ponent of the flow velocity, but there is no equation for the pressure. It should be noted that

the continuity equation plays a role of restriction for velocity components, meaning that the

computed velocity components from Eq. 2.A.2 must satisfy the Eq. 2.A.1. In addition, the

wind flow in this study is considered as incompressible, therefore the equation of state can-

not be used to compute the pressure, as the flow density and temperature are assumed con-

stant. The next reason is that the convective term in the momentum equation,
−→∇ · (

−→
U ⊗−→

U ),

is non-linear which makes the solution of abovementioned equations more complex. The

simpleFoam solver uses the SIMPLE (semi-implicit method for pressure-linked equations)

algorithm to solve the continuity and momentum equations.

2.A.1.1. SIMPLE ALGORITHM

THE SIMPLE algorithm uses an iterative procedure, where the intermediate velocity

field is first calculated by solving the momentum equation for an initial guessed pres-

sure field. The intermediate velocity field does not satisfy the continuity restriction. Deriv-

ing and solving the pressure equation, the so-called Poisson equation, from the continu-

ity and momentum equations result in a pressure corrector that is used for adjusting the

inter-mediate velocity field and obtaining a new velocity field, that satisfies the continu-

ity restriction after doing several iterations (Caretto et al., 1973; Versteeg and Malalasekera,

1995; Moukalled et al., 2016). The first step to initiate the SIMPLE approach is to express the

momentum equation, Eq. 2.A.2, in the matrix form as follows:

A
−→
U =−−→∇pk (2.A.3)

where A is the known matrix of coefficients that its components are calculated using the

discretization of the partial differential terms in the momentum equation. Note that the

nonlinearity of the advection terms will involve some kind of linearization method. The

above equation includes 3n equations, where n is the total number of control volumes and

each equation is written for the centroid of each control volume. The second step is to

decompose the matrix of coefficients, A, into diagonal and non-diagonal components:

A
−→
U = B

−→
U −C (2.A.4)

where B and C are the known diagonal and non-diagonal components of matrix A, respec-

tively. Substituting Eq. 2.A.4 into Eq. 2.A.3 and rearranging the momentum equation in

terms of the flow velocity yields the following equation:

−→
U = B−1C −B−1−→∇pk (2.A.5)
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The third step is to derive the pressure equation, Poisson equation, by substituting the

above equation into the continuity equation, Eq. 2.A.1, that can be written in the follow-

ing form:

−→∇ · (B−1−→∇pk ) =−→∇ · (B−1C ) (2.A.6)

In the next step, the iterative procedure starts with an initial guess for the pressure field, p∗
k .

Using the guessed pressure field, the momentum equation is solved to compute the inter-

mediate velocity field, (
−→
U∗) = (u∗, v∗, w∗). This intermediate velocity field does not satisfy

the continuity restriction until the solution has been converged. The correct pressure field,

pn
k , is then obtained by solving the Poisson equation. Subsequently, the pressure corrector,

p
′
k , is calculated by subtracting the guessed pressure field from the correct pressure field,

p
′
k = pn

k −p∗
k . Then, the velocity field is updated,

−→
U n = (un , vn , wn), using the momentum

equation and is checked for the continuity restriction. If the updated velocity field does not

satisfy the continuity restriction, a new iteration cycle will start, using p
′
k as the initial guess

and
−→
U n for the calculation of the matrix of coefficient. The iteration continues until conver-

gence occurs. In this case, the continuity restriction is satisfied in each control volume of

the computational domain and the pressure corrector becomes zero (Caretto et al., 1973).

2.A.2. TURBULENCE MODELLING

U SING the RANS method to solve the Navier-Stokes equations introduces additional

unknowns, so-called Reynolds stresses, into the main equations. To close the set of

equations, a turbulence closure model must be applied. In this study, the well-known stan-

dard k − ε model proposed by Launder and Spalding (1974) is used. The standard k − ε
model is a two-equation model based on the Boussinesq approximation. It assumes that

the impacts of turbulence on flow can be expressed by an increased kinematic viscosity,

and the additional Reynolds stresses can be related to the mean velocity gradients of flow

by the turbulent (eddy) kinematic viscosity, νt (Ferziger and Peric, 2002). This turbulent

kinematic viscosity can be formulated by the turbulence kinetic energy, k [m2/s2], and its

rate of dissipation, ε [m2/s3], as follows (Richards and Hoxey, 1993):

νt =Cµ
k2

ε
(2.A.7)

where Cµ [-] is a dimensionless constant.

In the standard k −ε model, the k and ε are computed from their transport equations that

can be written in their steady states as follows (Versteeg and Malalasekera, 1995; Moukalled
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et al., 2016):

−→∇ · (k
−→
U ) =−→∇ · (νe f f ,k

−→∇k)+ Pk

ρ
−ε (2.A.8)

−→∇ · (ε
−→
U ) =−→∇ · (νe f f ,ε

−→∇ε)+Cε1Pk
ε

ρk
−Cε2

ε2

k
(2.A.9)

where Cε1 [-] and Cε2 [-] are dimensionless constants; Pk [kg/m/s3] is the production of

turbulent kinetic energy; and νe f f ,k [m2/s] and νe f f ,ε [m2/s] are defined as below:

νe f f ,k = ν+ νt

σk
(2.A.10)

νe f f ,ε = ν+
νt

σε
(2.A.11)

whereσk [-] andσε [-] are dimensionless constants. The first and second terms in Eqs. 2.A.8

and 2.A.9 represent the transport of k or ε by advection and diffusion, respectively; while the

last two terms show the rate of production and the destruction of k or ε, respectively. The

empirical model coefficients for the standard k − ε model are given in Table 2.A.1 (Laun-

der and Spalding, 1974; Launder and Sharma, 1974). It should be noted, in the SIMPLE

algorithm, the transport equations of k and ε are solved just after computing the updated

velocities and the check for the continuity restriction. The turbulent (eddy) kinematic vis-

cosity, νt , is then updated and be used in the momentum equation for the next iteration

cycle.

Table 2.A.1: Values of the empirical constants in the standard k −ε model (Launder and Spalding, 1974; Launder
and Sharma, 1974).

Parameter [-] Value

Cµ 0.09

Cε1 1.44

Cε2 1.92

σk 1.00

σε 1.30
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2.A.3. BOUNDARY CONDITIONS AND INITIAL INTERNAL FIELDS

CONSIDERING neutral stratification conditions, fully-developed profiles of mean wind

speed, U , and turbulence quantities including turbulence kinetic energy, k, and tur-

bulence dissipation rate, ε, are applied at the inlet of the computational domain shown in

Figure A1, using the following equations proposed by Richards and Hoxey (1993):

U (x = 0, y, z) = u∗

κ
ln(

y − yg + y0

y0
) (2.A.12)

k(x = 0, y, z) = u∗2√
Cµ

(2.A.13)

ε(x = 0, y, z) = u∗3

κ(y − yg + y0)
(2.A.14)

where u∗ [m/s] is the friction velocity; κ [-] is the von Karman constant defined as 0.41

in OpenFOAM; y [m] is the vertical coordinate; yg [m] is the minimum y-coordinate or

the ground level; y0 [m] is the aerodynamic roughness length; and Cµ is the dimensionless

constant in the standard k −ε model defined as 0.09.

The height of the computational domain is significantly smaller than the atmospheric bound-

ary layer (ABL) height, therefore the friction velocity in Eqs. 2.A.12-2.A.14 can be assumed

constant with height (Blocken et al., 2007), and is calculated using the following equation

proposed by Richards and Hoxey (1993):

u∗ = κur e f

ln(
yr e f +y0

y0
)

(2.A.15)

where ur e f [m/s] is the reference velocity at a reference height, yr e f [m].

In the present study, the values of the ABL parameters used in inlet profiles are selected

based on the wind-tunnel experiments performed by Leitl and Schatzmann (2010). These

values are given in Table 2.A.2.

The analytical inlet profiles of mean wind speed, U , turbulence kinetic energy, k, and tur-

bulence dissipation rate, ε, proposed by Richards and Hoxey (1993) are shown in Figure

2.A.1.

A zero-gauge pressure boundary condition is applied at the outlet of the computational

domain. The no-slip boundary condition for the velocity is used for the bottom of the com-
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Table 2.A.2: Values of the atmospheric boundary layer parameters used in inlet profiles (Leitl and Schatzmann,
2010).

Parameter Value

yg [m] 0.0000

y0 [m] 0.0007

ur e f [m/s] 6.0000

yr e f [m] 0.5000

Figure 2.A.1: The analytical inflow conditions of a) mean wind speed, b) turbulence kinetic energy, k, and c) tur-
bulence dissipation rate, ε.

putational domain and the building walls. It assumes that the speed of the wind flow in

direct contact with the bottom of the domain and the walls of the building is identical to the
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speed of movement of these boundaries, which is equal to zero. Furthermore, the free-slip

boundary condition is used for the top and lateral boundary surfaces of the computational

domain for all scalar and vector quantities.

The initial internal fields for pressure and velocity are chosen zero, while the initial internal

fields for turbulence kinetic energy and turbulence dissipation rate are calculated using the

following equations (Launder and Spalding, 1974; Richards and Hoxey, 1993; Versteeg and

Malalasekera, 1995):

k = 1

2
(u′2 + v ′2 +w ′2 ) (2.A.16)

ε=
C 0.75
µ k1.5

l
(2.A.17)

where u′ [m/s], v ′ [m/s] and w ′ [m/s] are fluctuating components of velocity in the x, y

and z directions, respectively; Cµ is the dimensionless constant in the standard k −ε model

defined as 0.09; and l [m] is the turbulence length scale or the characteristic length for the

macroscale of turbulence.

Assuming an isotropic inlet turbulence, u′ = v ′ = w ′, and estimating the fluctuations to be

5 percent of the reference velocity at the inlet of the computational domain, and selecting

l = 0.32 m for the turbulence length scale based on the wind-tunnel experiments performed

by Leitl and Schatzmann (2010), the initial internal values of the turbulence kinetic energy,

k, and the turbulence dissipation rate, ε, are calculated as 0.135 m2/s2 and 0.0255 m2/s3,

respectively.

2.A.4. WALL FUNCTIONS

A S mentioned in Appendix 2.A.3, the vertical wind velocity profile changes from zero at

the bottom of the computational domain, due to the no-slip boundary condition, to

its free stream value far away from the wall (see Figure 2.A.2a). The largest gradients of the

velocity occur in the near-wall region, where the velocity profile becomes quite steep. To

accurately simulate the flow behavior close to the wall, it is important to precisely capture

the velocity variations in the near-wall region. Using a second-order accurate finite volume

discretization method in the OpenFOAM model, the flow features are calculated for the cell

centers and the variation of variables is linear between the cell centroids. Therefore, the

standard method to accurately simulate the flow in the near-wall region is to gradually de-

crease the mesh size when approaching the wall boundary (Bredberg, 2000; Fluent, 2013)

(see Figure 2.A.2b). Applying a very fine mesh close to the wall significantly increases the
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number of cells, that increases the computational time considerably. Furthermore, increas-

ing the mesh resolution normal to the wall results in the formation of cells with high aspect

ratios. The skewness of the cells causes poor cell qualities that increases the instabilities of

the CFD solution.

An alternative way to accurately resolve the high velocity gradients close to the wall is to

replace a single large cell instead of those thin cells in the near-wall region and introduce

a function, so-called wall function, to reproduce the high velocity variations between the

cell centroid and the wall boundary (Bredberg, 2000) (see Figure 2.A.2c). Using the wall

function approach, the number of cells and therefore the computational time decreases

considerably. In addition, the stability of the CFD solution increases significantly.

Considering the universal law of the wall based on the experimental measurements of fully

developed turbulent channel flows, the variation of dimensionless tangential velocity close

to the wall, U+ =U /uτ , with the dimensionless distance normal to the wall, y+ = yuτ/ν, is

derived. The uτ [m/s] is the wall friction velocity or the characteristic velocity based on the

wall shear stress as the velocity at wall is zero. It can be different from u∗, and is calculated

using the following equation (Schlichting, 1961; Blocken et al., 2007):

Figure 2.A.2: Methods of simulating wind flow velocity in the near-wall region a) The typical vertical wind velocity
profile with high velocity gradients close to the wall, b) Standard linear method, and c) Wall function approach.

uτ =
√
τw

ρ
(2.A.18)

where τw [N/m2] is the wall shear stress; and ρ is the flow density. The near-wall region

is then subdivided into three distinct layers as follows (Tennekes and Lumley, 1972; F. M.

White, 1991):

• Viscous layer for 0 < y+ < 5
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• Buffer layer for 5 < y+ < 30

• Inertial layer for 30 < y+ < 200

Wall functions are empirical functions that are best fitted to the observed flow behavior

close to the wall. The standard wall functions are a linear and a logarithmic function that

precisely reproduce the flow behavior in the viscous layer and the inertial layer, respectively.

These wall functions can be expressed by the following equations (Fluent, 2013; F. Liu, 2016):

U+ = y+ (2.A.19)

U+ = 1

κ
ln(E y+) (2.A.20)

where κ is the von Karman constant defined as 0.41 in OpenFOAM; and E [-] is an em-

pirical wall roughness coefficient defined as 9.8 in OpenFOAM. The abovementioned wall

functions for viscous and inertial layers intersect in the buffer layer at approximately y+ =
11.225, so-called y+

l am in OpenFOAM. The following conditional statement is then applied

in the OpenFOAM model to predict the flow behavior in the near-wall region:

U+ =
y+ i f y+ ≤ y+

l am
1
κ ln(E y+) i f y+ > y+

l am

(2.A.21)

It should be noted, the Eq. 2.A.21 cannot precisely predict the flow behavior in the buffer

layer, therefore it is not recommended to placing cells in this region.

2.B. APPENDIX: MODEL VALIDATION

IN order to validate the numerical model, the wind-tunnel measurements performed by

Leitl and Schatzmann (2010) in the meteorological institute of Hamburg university are

compared with the numerical model predictions of the vertical and horizontal wind speed

profiles in the vicinity of the building. The atmospheric boundary layer and geometric pa-

rameters are selected based on the values presented in Table 2.A.2 and Table 2.2, respec-

tively. The total number of cells in the mesh is approximately 1.64 million, consisting of

cells with the length, width and height almost equal to 0.0125 m. The results are then de-

rived from sixteen different sections from which eight are located on the symmetry plane,

z = 0.325 m, and the other eight a near-surface plane, y = 0.035 m, as shown in Figure 2.B.1.

The comparisons and RMSE values presented in Figure 2.B.2 and Figure 2.B.3 show satis-

factory agreements between the experimental data and the numerical model results. This
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shows the capability of the numerical model to predict both vertical and horizontal airflow

patterns around the building.

(a) (b)

Figure 2.B.1: Schematic representation of the vertical and horizontal measurement sections locating on the a)
symmetry plane, z = 0.325 m, and b) a near-surface plane, y = 0.035 m.
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Figure 2.B.2: Comparisons between the wind-tunnel measurements performed by Leitl and Schatzmann (2010)
and the numerical model predictions of the vertical velocity profiles derived from eight different sections locating
on the symmetry plane, z = 0.325 m.
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Figure 2.B.3: Comparisons between the wind-tunnel measurements performed by Leitl and Schatzmann (2010)
and the numerical model predictions of the horizontal velocity profiles derived from eight different sections locat-
ing on a near-surface plane, y = 0.035 m. The comparisons are performed for the right half side of the domain,
where the building centreline and the lateral face of the building are located at z = 0.325 m and z = 0.400 m, re-
spectively.
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ABSTRACT: Buildings at the beach change the near-bed airflow patterns in the surround-

ing area. This induces alterations in wind-induced bed shear stress and wind-induced sedi-

ment transport which, in turn, affect the bed topography in the vicinity of buildings. Three-

dimensional computational fluid dynamics simulations using OpenFOAM have been per-

formed to understand how and to what extent the buildings at the beach influence the sed-

iment transport from the beach to the dunes. Herein, we explicitly account for the posi-

tioning 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 neighbor-

ing buildings significantly affect each other. Furthermore, the airflow in the near-wake re-

gion 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.
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3.1. INTRODUCTION

THE recreational value and attractiveness of sandy beaches worldwide, makes the un-

derstanding 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 (Figure 3.1) 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, 2000; 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 spa-

tial variations in near-bed flow dynamics due to the protrusion of buildings into the near-

bed boundary layer, erosion and deposition patterns develop. These building-induced ero-

sion and deposition patterns might become problematic over a longer time-scale. 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 build-

ing 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 engineers,

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.

The airflow patterns around cuboid structures, such as buildings, have been studied exten-

sively 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., 2022). Understanding the aeolian sediment trans-

port and morphological changes around cuboid buildings that are located on movable sub-

strate, e.g. sandy beaches, has been of great interest in previous studies. In case of a suf-

ficiently 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 sedi-
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(a) (b)

(c)

(d) (e)

Figure 3.1: Examples of some buildings at the a, b) Kijkduin, and c, d, e) Katwijk beach, the Netherlands.

ment 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 deposition and join the sediment streams passing around the lat-

eral 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 (Bagnold, 1941; Pye and Tsoar, 2008; Poppema et al., 2021;

Pourteimouri et al., 2022). These two deposition tails gradually merge as the two opposed

reversing vortices in the low-speed cavity region carry the sediment particles from the depo-
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sition 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, 2008; Liv-

ingstone 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., 2022).

Previous studies have examined morphological changes around buildings, while little at-

tention 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 region which,

in turn, determine the generation and development of sand shadows in the lee of buildings

(Cooke et al., 1993; Becker et al., 2002; 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 undisturbed flow

sufficiently downstream of the buildings. As a result, the sediment will deposit and form

the so-called sand drift at a small distance downstream of the gap (Bagnold, 1941; Pye and

Tsoar, 2008; Cooke et al., 1993; Luo et al., 2014; Luo et al., 2016; Poppema et al., 2022b). First

attempts to systematically study the impact of building positioning with respect to neigh-

boring 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 formation and evolution of sand shadow and

sand drift that develop just behind the building, and in the lee of the gap spacing between

neighboring buildings, respectively. In a recent study by Poppema et al. (2022b); a series

of field experiments was performed to study how the initial morphological changes around

scaled buildings at the beach are influenced by buildings positioning. An analysis consider-

ing 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 mecha-

nisms 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 down-
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stream (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 pat-

terns around a row of full-scale buildings at the beach, are affected by the gap spacing be-

tween neighboring buildings and the wind direction. For this purpose, the OpenFOAM soft-

ware that makes use of mainstream CFD approaches is used. The choice of methods and

model specifications were extensively elaborated by Pourteimouri et al. (2022).

This paper is organized as follows. In Section 3.2, the model descriptions 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 3.3.1. In Section 3.3.2, 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 compo-

nent (in x direction) for variations in gap spacing and wind incidence angle is presented in

Section 3.3.3. In Section 3.3.4, the initial changes in bed elevation are presented. The pa-

per ends with discussion and conclusions that are presented in Section 3.4 and Section 3.5,

respectively.

3.2. METHODOLOGY

3.2.1. MODEL SPECIFICATIONS

IN this study, the three-dimensional OpenFOAM model used by Pourteimouri et al. (2022)

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) equations for incompress-

ible 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 − ε turbulence closure model is used to solve the turbulence in the vicin-

ity of buildings. The configuration of the computational domain with a row of ten full-

scale beach buildings is shown in Figure 3.2. Dimensions of the computational domain and

beach buildings used in this study are summarized in Table 3.1. The blockMesh utility of

OpenFOAM is used to generate grids with the size of ∆x =∆y =∆z = 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
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the size of ∆x = ∆y = ∆z = 0.0625 m close to the buildings. The blockMesh and snappy-

HexMesh utilities in OpenFOAM are used to generate mesh grids within the computational

domain. The total number of computational grids in the domain is approximately 3.5 mil-

lion that mainly consists of hexahedra cells and some polyhedra cells connecting the coarse

to fine cells together.

Figure 3.2: 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 3.1: 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 (l ) 6.00

Width of beach buildings (w) 2.50

Height of beach buildings (h) 2.50

Gap spacing between neighboring buildings (s) 0.25−10.00

As shown in Figure 3.2, the fully-developed profiles of logarithmic wind velocity, U , and tur-

bulence parameters, k and ε, are applied as the inlet boundary conditions using the equa-

tions proposed by Richards and Hoxey (1993). The reference wind speed of ur e f = 17 m/s

is considered at the reference height of zr e f = 1.8 m above the ground level, z = 0 m, to pre-

scribe the logarithmic velocity profile at the inlet of the domain. A uniform surface rough-

ness height of z0 = 0.00001 m is applied at the bottom of the domain, which was computed
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based on the median sediment grain size at the beach (3.00×10−4 m). The open boundary

condition with zero-gauge pressure is considered at the outlet of the domain. At the span-

wise boundaries of the domain, the cyclic (periodic) boundary condition is used to assure

that the flow conditions are periodically repeating between these two boundaries, allowing

the incident wind to make an angle with the centerline of the buildings (x-direction). An-

other advantage of using the cyclic lateral boundaries is that it reproduces 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 buildings’ walls. The wall functions are used to accurately resolve the

steep gradients of the flow velocity close to the wall. 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 specifica-

tions, and the implementation of boundary conditions and wall functions can be found in

Pourteimouri et al. (2022).

3.2.2. MODEL SETUP FOR SPACING AND ORIENTATIONS SCENARIO’S

TO systematically evaluate the impact of gap spacing between neighboring beach build-

ings 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 between 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 (Figure 3.3). The wind incidence angle, θw ,

represents the angle between the prevailing wind direction and the centerline of the build-

ings (Figure 3.3). 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 total 80

conducted simulations is given in Table 3.2.

3.2.3. 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, u∗th . The com-
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Figure 3.3: Illustration of the prevailing wind in the domain, wind incidence angle, θw , and the parameters used
to characterize the gap ratio, g∗.

Table 3.2: Parameters of the total 80 conducted simulations.

Dimensionless gap
Spacing, s/w [-]

Gap Ratio, g∗ [-] Wind Incidence Angle, θw [◦]

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

monly used aeolian sediment transport models based on the experimental measurements

show that the equilibrium (saturated) sediment transport flux, −→q , 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 mod-
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elled using the transport formulation proposed by Bagnold (1937) as follows:

−→q =C
ρa

g

√
d

D
(|−→u∗|−u∗th )3

−→u∗
|−→u∗|

(3.1)

where −→q [kg/m/s] 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 sed-

iment particles to 2.80 for widely distributed sediment particles; ρa [kg/m3] is the density

of air (1.29 kg/m3); g [m/s2] is the gravitational acceleration; d [m] is the nominal sediment

particle size (3.00×10−4 m); D [m] is the reference sediment particle size (2.40×10−4 m);
−→u∗ [m/s] is the wind shear velocity; and u∗th [m/s] is the threshold shear velocity. The wind

shear velocity, −→u∗, is calculated by:

−→u∗ =
√

|−→τ |
ρa

−→τ
|−→τ | (3.2)

where −→τ [N/m2] 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 increase, there is a critical

shear velocity at which the sediment particles start moving. This threshold shear velocity,

u∗th , is derived by Bagnold (1937) as:

u∗th = A

√
ρs −ρa

ρa
g d (3.3)

where A is an empirical constant dependent on the sediment particle size; and ρs [kg/m3]

is the density of sediment (2.65× 103 kg/m3). The value of A is 0.1 for sediment particles

greater than 8.00×10−5 m (Nickling and Neuman, 2009).

The sediment transport flux, −→q , 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 direction and towards the dune, the x component of −→q is derived using

the local wind incidence angles as (Bauer and Davidson-Arnott, 2003; Delgado-Fernandez

and Davidson-Arnott, 2011):

qc = |−→q |cosθwl (3.4)
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where qc [kg/m/s] is the sediment transport flux in the cross-shore direction (x component

of −→q ); and θwl is the local wind direction at each computational grid.

3.2.4. 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 between 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 transport. The general form of the

Exner equation is as follows (Paola and Voller, 2005; Bauer et al., 2015):

∂zb

∂t
=− 1

ρs (1−n)

−→∇ ·−→q (3.5)

where zb [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.

3.3. RESULTS

3.3.1. NEAR-BED HORIZONTAL FLOW PATTERNS

3.3.1.1. IMPACT OF GAP SPACING

F IGURE 3.4 shows the horizontal near-bed streamline patterns around a row of ten full-

scale beach buildings for different gap ratios, g∗, when the incident wind is perpendic-

ular to the front face of the buildings, θw = 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 impor-

tant 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 be-

tween neighboring 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 Figure 3.4 are comparable with those observed for two adjacent wide

rectangular obstacles 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 rect-

angular bluff body for the approaching wind. The jet flows passing through the small gap

spacings between buildings are negligible and the airflow is mainly split at the upwind face
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of the bluff body, moving towards the lateral faces, see Figure 3.4a. The deflected flows are

separated from the sharp trailing corners of the bluff body and form a pair of large oppos-

ing vortices in the low-pressure zone just behind the lee face of the body. The approximate

longitudinal and spanwise dimensions of the downwind recirculation region are lR = 6.9w

and wR = 10.98w , respectively. It should be noted that the location of the flow reattach-

ment point, shown in Figure 3.4a, is determined by examining where the streamwise ve-

locity 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 recircu-

lation region, lR , was then computed as the distance between the reattachment point and

the lee face of the buildings. Furthermore, the width of the recirculation region, wR , 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.

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 build-

ings, shown in Figure 3.4b. 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 lR = 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 Figure 3.4c, 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 the gap ratio increases.

For g∗ = 0.50, the jet flows are slightly inclined inward, and the downstream streamlines are

compressed (Figure 3.4d). 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 (Figure 3.4e).

The near-bed streamwise velocity distribution along the centerline of the central gap spac-

ing between buildings for eight different gap ratios and θw = 0◦ is shown in Figure 3.5. Also
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Figure 3.4: Horizontal airflow patterns at a near-bed plane, z = 0.25 m, for θw = 0◦, and the gap ratio, g∗, is changed
as a) 0.09, b) 0.41, c) 0.47, d) 0.50 and e) 0.67.

indicated in Figure 3.5, the streamwise velocity upstream of the buildings decreases dra-

matically for the closely spaced buildings. For g∗ ≤ 0.29, a small reverse-flow region forms
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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 1/20th 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 ve-

locity 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 veloc-

ity 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 build-

ings. 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 be-

hind 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 Figure 3.5. 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 al-

most independent from each other (Figure 3.4e), 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 streamwise velocity in front of the central gap when

g∗ = 0.50, is 6.60 times that of for the g∗ = 0.80. Figure 3.5 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 sedi-

ment transport flux towards the dune is expected just behind the central gap when the gap

ratio is large.

3.3.1.2. IMPACT OF WIND INCIDENCE ANGLE

THE horizontal near-bed streamline patterns (at an elevation of z = 0.25 m above the

bed) around a row of ten full-scale beach buildings at five different wind incidence an-

gles, θw , 0◦, 20◦, 40◦, 60◦, and 80◦, and a constant gap spacing of g∗ = 0.67 are shown in Fig-

ure 3.6. These figures show that the near-bed flow patterns depend on both the gap spacing

between neighboring buildings and the incoming wind direction. Figure 3.6a shows that in

the case of buildings oriented perpendicular to the incident wind, θw = 0◦, there is only one

wall in each building facing the wind. Therefore, the approaching wind is split into two frac-
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Figure 3.5: Streamwise velocity, u, at z = 0.25 m, along the centerline of the central gap spacing between buildings
for various gap ratios, g∗, and θw = 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 ur e f = 17 m/s.

tions 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, θw > 0◦, there are two walls in each building facing the wind. The orientation of

the wind-facing walls relative to the incident wind determines 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 θw = 20◦, the incident wind is split at the shorter wind-facing wall of the buildings.

Figure 3.6b 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 re-

gion 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 posi-

tioning 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 down-

wind, 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
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Figure 3.6: Horizontal airflow patterns at a near-bed plane, z = 0.25 m, for g∗ = 0.67, and the wind incidence angle,
θw , is changed as a) 0◦, b) 20◦, c) 40◦, d) 60◦, and e) 80◦.

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



3.3. RESULTS

3

71

to join the undisturbed flow far enough downstream of the buildings.

As the wind incidence angle increases to θw = 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 Figure 3.6c 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 com-

pressed 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 θw = 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

downwind face of the buildings (I ). For more oblique winds, the row of buildings effectively

forms a single long bluff body, see Figure 3.6d. Therefore, 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 sheltering due to the most

upwind building in the row is more intense for θw = 80◦, in which the two small vortices

almost disappear (J ). As shown in Figure 3.6e, the large elliptical vortex behind the longer

downwind face of the buildings (K ) rotate so that the longer diagonal of the vortex is along

the y direction rather than the x direction.

The changes in near-bed x component of velocity along the centerline of the central gap

spacing between buildings for five different wind incidence angles, and g∗ = 0.67 are shown

in Figure 3.7. As shown in Figure 3.7, the higher the wind incidence angle, the smaller the x

component of velocity upstream of the buildings. In addition, for all wind incidence 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 θw = 0◦ is 4.87 times greater than that of for θw = 80◦.

For θw ≤ 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 per-

pendicular to the incident wind, θw = 0◦, the flow decelerates and the x component of ve-
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Figure 3.7: 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, θw , 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 ur e f = 17 m/s.

locity gradually decreases through the remaining central gap to some distance downstream

due to the flow expansion. As the incident wind becomes oblique, θw = 20◦, 40◦ and 60◦, 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 recircula-

tion region added together. It should be noted that the flow pattern is slightly different for

θw = 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 orienta-

tion of the elliptical vortex when θw = 80◦ (Figure 3.6e). 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 Figure 3.7 shows, the higher the wind incidence angle, the lower the initial peak. The sec-

ond peak of the x component of velocity is always higher than the initial peak for θw ≥ 20◦,

and the maximum value occurs for θw = 40◦. The x component of velocity at the second

peak when θw = 40◦ is 3.80 times greater than that for θw = 80◦. Furthermore, the x compo-

nent of velocity behind the central gap spacing when θw ≤ 40◦ is significantly higher than

the other two wind incidence angles. Therefore, the lowest duneward sediment transport
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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 dunes, more quantitative justifi-

cations are needed. This will be discussed in Section 3.3.3.3.

Figure 3.8: Spatial distribution of bed shear stress magnitude, |−→τ |, when θw = 0◦, and the gap ratio, g∗, is changed
as a) 0.09, b) 0.41, c) 0.47, d) 0.50, and e) 0.67.
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3.3.2. WIND SHEAR STRESS AT THE BED

3.3.2.1. IMPACT OF GAP SPACING

THE spatial variability of the bed shear stress magnitude, |−→τ |, around the row of build-

ings with five gap ratios that generated different airflow patterns in the near-wake re-

gion, for θw = 0◦ is shown in Figure 3.8. The bed shear stress results can be explained by

the airflow patterns and velocity shown in Figures 3.4 and 3.5, 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 oc-

curs (Figure 3.8a 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 (Figure 3.5).

For closely placed buildings, where g∗ = 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 build-

ings compared to smaller gap ratios. Similarly, the decreased bed shear stress just in front

of the upwind 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.

3.3.2.2. IMPACT OF WIND INCIDENCE ANGLE

THE spatial variability of the bed shear stress magnitude, |−→τ |, around the row of build-

ings under five different wind directions, for g∗ = 0.67 is shown in Figure 3.9. 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 buildings 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 build-

ings. For θw = 60◦ and θw = 80◦, the second to tenth buildings in the row are sheltered by the
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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, location, and orientation

of the circulating vortices right next to the downwind faces of the buildings (see Figure 3.6).

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 Figure 3.9b, at which θw = 20◦, the areas with increased bed shear stress are narrower

but longer, while Figure 3.9c, at which θw = 40◦, shows the wider but shorter areas with

increased bed shear stress downstream of the gaps.

3.3.3. SEDIMENT TRANSPORT

3.3.3.1. IMPACT OF GAP SPACING

THE duneward sediment transport flux, qc , distribution at the bed of the computational

domain around a row of ten full-scale beach buildings with five different gap ratios for

θw = 0◦ is shown in Figure 3.10. 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 downstream. The low-

est 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 asso-

ciated with the alongshore local wind directions, and the locations where the wind shear

velocity, −→u∗, is less than threshold shear velocity, u∗th . 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.

3.3.3.2. IMPACT OF WIND INCIDENCE ANGLE

THE duneward sediment transport flux, qc , distribution at the bed of the computational

domain around a row of ten full-scale beach buildings under five different wind di-

rections, for g∗ = 0.67 is shown in Figure 3.11. Results show that the duneward sediment

transport flux is lowest for the two most oblique wind directions, θw = 60◦ and θw = 80◦.

This means that the sediment particles are likely to be transported laterally as the prevail-

ing wind direction becomes more alongshore rather than cross-shore. Furthermore, for

g∗ = 0.67, a slightly oblique wind direction, where θw = 20◦, causes sediment transport to

continue longer downstream. 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.



3

76
3. THE INFLUENCE OF WIND DIRECTION AND BUILDINGS SPACING ON AIRFLOW PATTERNS,

SEDIMENT TRANSPORT PATTERNS AND INITIAL BED MORPHOLOGY

Figure 3.9: Spatial distribution of bed shear stress magnitude, |−→τ |, when g∗ = 0.67, and the wind incidence angle,
θw , is changed as a) 0◦, b) 20◦, c) 40◦, d) 60◦, and e) 80◦.

3.3.3.3. COMPARISON BETWEEN DIFFERENT CONFIGURATIONS

IN the two previous sections, we focused on the systematic study of how the gap spac-

ing between buildings and the dominant wind direction affect the spatial structure of

potential sediment transport towards the dunes. However, to be able to systematically in-

vestigate 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 compari-
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Figure 3.10: Spatial distribution of duneward sediment transport flux, qc , when θw = 0◦, and the gap ratio, g∗, is
changed as a) 0.09, b) 0.41, c) 0.47, d) 0.50, and e) 0.67.

son 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 dif-

ferent simulations. For this purpose, two lines in the alongshore direction, y , are defined

downstream of the row of buildings. Figure 3.12 displays 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
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Figure 3.11: Spatial distribution of duneward (the x component of) sediment transport flux, qc , when g∗ = 0.67,
and the wind incidence angle, θw , is changed as a) 0◦, b) 20◦, c) 40◦, d) 60◦, and e) 80◦.

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
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Figure 3.12: The location of the two lines downstream of the buildings, that the average duneward sediment trans-
port flux is computed along.

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, qcr e f , are sub-

tracted from the average transport flux in the domain including buildings, qc . The results

are shown in Figure 3.13, where each point corresponds to an individual simulation.

The blue shaded colors in Figure 3.13 show qc < qcr e f , 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, qc > qcr e f , 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 to duneward sediment transport passing line 1 is small and mostly

negative (see Figure 3.13a). In this situation, the highest positive effect of buildings on

duneward sediment transport occurs when θw = 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 di-

rections. The highest enhanced duneward sediment transport due to the buildings occurs

when θw = 40◦ and θw = 60◦.

Further downstream of the row of buildings, the buildings contribution to duneward sed-

iment transport passing line 2 is positive in almost all combinations of the gap spacings

and the wind directions (see Figure 3.13b). Results show that the highest enhanced sedi-

ment transport towards the dunes due to the presence of buildings occurs for 20◦ winds.

Furthermore, the difference between the duneward sediment flux leaving line 2 in the situ-

ation with and without buildings is higher for closely spaced buildings compared to when

buildings are far apart from each other.



3

80
3. THE INFLUENCE OF WIND DIRECTION AND BUILDINGS SPACING ON AIRFLOW PATTERNS,

SEDIMENT TRANSPORT PATTERNS AND INITIAL BED MORPHOLOGY

Figure 3.13: Comparison of the net impact of buildings on average duneward sediment transport flux, qc −qcr e f ,

between 80 different combinations of gap ratio, g∗, and the wind incidence angle, θw , 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 Figure 3.12),
respectively.

The exact values of the average duneward sediment transport flux due to the presence of

buildings, qc − qcr e f , for 80 tested simulations computed along line 1 and line 2, shown in

Figure 3.13, are presented in Table 3.A.1 and Table 3.A.2, respectively, in the appendix.
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3.3.4. INITIAL CHANGES IN BED ELEVATION

THE Exner equation, Eq. 4.2, is used to compute the initial bed evolution on the basis of

mass continuity. This approach relates the temporal changes in bed elevation, ∂zb/∂t ,

to divergence or convergence in sediment transport flux,
−→∇ ·−→q . Figure 3.14 presents the

initial erosion and deposition patterns derived from the Exner equation for three different

gap ratios.

Figure 3.14: Initial erosion and deposition patterns, ∂zb /∂t , for θw = 0◦, and the gap ratio, g∗, is changed as a)
0.09, b) 0.50, and c) 0.67.

To validate the model results, the initial bed level change computed by the numerical model

are qualitatively compared with the deposition pattern observed around a row of three

scaled beach buildings shown in Figure 3.15. The experiments were conducted by Poppema

et al. (2022b) 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 exper-

imental model setup, the deposition patterns are comparable. The differences between

field and model include the number of tested buildings in the row, buildings dimension,
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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.

Figure 3.15: Field measurements by Poppema et al. (2022b) of bed elevation around a row of scaled beach build-
ings, when θw = 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.,
2022b).

As shown in both Figures 3.14a and 3.15a, 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 3.14b and 3.15b). 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 Figure 3.14c, 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. Figure 3.15c shows a different shape of the inner deposition

tails in the field. This difference might be because of the temporal changes in the wind
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direction at the beach. As the wind swings between two bounding directions, two adjacent

tails gradually merge, and form a single deposition tail downstream of the gaps. The darker

red colors in Figure 3.14c show that the two outer deposition tails tend to become shorter as

the size of the gap increases. 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.

3.4. DISCUSSION

THE aerodynamic behavior of wind flow around adjacent beach buildings is an inter-

esting 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 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 de-

fense 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 Figure 3.4. Although we examined ten full-scale longi-

tudinal buildings compared to two wide small-scale buildings tested in Luo et al. (2014), the

flow mechanisms proposed 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 clas-

sification based on the mean streamlines in the near-wake region, with the streamlines in

our steady-state simulations (see Figure 3.4), 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 stream-

lines 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

Figure 3.4e). 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
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scaled buildings at the beach, performed by Poppema et al. (2022b), 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 exper-

iments 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

Figures 3.9b, c and d) behind the leading building in the row can be explained by the flow

patterns shown in Figure 3.6. For θw = 20◦, the short face of the buildings is the wind-

ward face. The flow streamlines in the wake region downwind of the buildings are almost

parallel to each other (Figure 3.6b). As the wind incidence angle increases to θw = 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 buildings in the row (Figure 3.6c). For more oblique wind direction, θw = 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 (Figure 3.6d). 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.

Comparisons between the bed level changes based on the numerical model and field ex-

periments 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. (2022b). In

the field study, three scaled beach buildings with the length, width, and height of 1×0.5×0.5

m were placed at the beach, while considering the same frontal aspect ratio, we tested ten

full-scale buildings of size 6×2.5×2.5 m. Secondly, the actual wind field at the beach is un-

steady, 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 experiments by

Poppema et al. (2022b) limits the variations in wind condition, the variations could poten-

tially 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
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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 condi-

tion, in which the capability of the bed to supply sediment particles becomes limited. Con-

ditions that limit the sediment availability at the beach include bed moisture content, veg-

etation, 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 rea-

son 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, z0, for the bed surface of the numerical model do-

main, 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 mor-

phological 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. Further-

more, the actual beach bed consists of spatially different roughness. This is due to the ex-

istence of shells, vegetation, and sand grains with different sizes. Although the abovemen-

tioned differences between the actual beach situations and our model assumptions exist,

the comparisons between the field observations and our numerical model results are in

good agreement.

3.5. 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 in-

fluenced 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 build-

ings, and the incident wind direction relative to the buildings.

Our findings showed that the gap ratio, g∗, between neighboring buildings is a key pa-

rameter 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 ap-

parent, 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 de-

position region starting at some distance upstream of the upwind faces of the buildings.
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Furthermore, two deposition tails develop around the corner buildings in the row and ex-

tend downstream of the buildings.

The flow through the larger gap spacings, i.e. g∗ > 0.50, significantly increases due to fun-

neling 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 buildings for larger gap ra-

tios. 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 be-

tween 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 build-

ings without interfering with the airflow around adjacent buildings. The upwind deposition

peaks become separated 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 direc-

tion, the separation bubble downwind buildings might locate behind the smaller face of the

buildings 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, lead-

ing 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 buildings. Fur-

thermore, we found that for θw ≥ 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 stream-

lines directly behind the reattachment point instead of straight streamlines parallel with the

dominant wind direction. As wind direction increases to θw = 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
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direction).

To determine the combined impact of gap spacing and wind direction on sediment trans-

port 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 sediment transport that could be compared between 80 different combinations

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 trans-

port. 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

θw = 40◦; while the maximum along 70 m downwind of the buildings would occur for the

combination of g∗ = 0.33 and θw = 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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3.A. APPENDIX

Table 3.A.1: Net buildings-induced average duneward sediment transport flux, qc − qcr e f [×10−4 kg/m/s], along

line 1 for 80 different combinations of gap ratio, g∗, and the wind incidence angle, θw , corresponding to Figure
3.13a.

θw

∖
g∗ 0.09 0.17 0.23 0.29 0.33 0.37 0.41 0.44

0 2.36 4.46 2.49 −0.13 −2.04 −3.68 −5.64 −9.91

20 13.04 13.68 16.20 13.51 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

θw

∖
g∗ 0.47 0.50 0.60 0.67 0.71 0.75 0.78 0.80

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
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Table 3.A.2: Net buildings-induced average duneward sediment transport flux, qc − qcr e f [×10−4 kg/m/s], along

line 2 for 80 different combinations of gap ratio, g∗, and the wind incidence angle, θw , corresponding to 3.13b.

θw

∖
g∗ 0.09 0.17 0.23 0.29 0.33 0.37 0.41 0.44

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

θw

∖
g∗ 0.47 0.50 0.60 0.67 0.71 0.75 0.78 0.80

0 46.64 32.15 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
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ABSTRACT: Beach buildings locally change the near-bed airflow structures. The building-

induced changes in airflow influence the aeolian sediment transport patterns, hence the

morphologic developments around buildings. Buildings at the beach are often placed on

poles. To quantify the influence of different pole heights, three-dimensional simulations

have been performed making use of OpenFOAM which is an open-source computational

fluid dynamics solver. Simulations were performed, in which we modelled a row of ten full-

scale beach buildings placed on a flat/smooth bed surface. A constant gap size between

neighbouring buildings and the perpendicular wind direction were used. The pole height

was systematically varied from zero, when buildings are placed directly at the beach, to

higher pole heights. The airflow patterns showed the flow acceleration underneath the ele-

vated buildings and through the gaps between neighbouring buildings. The Exner equation

together with the Bagnold’s sediment transport flux formulation, and a newly-developed

model that couples the airflow model with a sediment transport model, AeoLiS, were used

to model the initial and further-developed aeolian morphologic developments around build-

ings. The effective sediment transport flux across various lines in the long-shore direction

downstream of the buildings was computed. Our study revealed that, depending on the

height of the poles, the buildings can have a significant effect on sediment transport. They

can either steer sediment transport downwind or block it from moving in that direction,

such as by preventing sediment from being transported upwind of the buildings.
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4.1. INTRODUCTION

THE use of sandy beaches for recreation and tourism leads to the construction of hotels,

restaurants, seasonal beach houses and pavilions at the beach-dune interface (Figure

4.1a). Depending on their dimension, geometry, material composition, orientation, eleva-

tion from bed and positioning at the beach, these buildings affect the wind field close to

the bed (Jackson and Nordstrom, 2011). Inevitably, the changes in near-bed airflow due to

human-made structures determine the aeolian sediment transport and the source-to-sink

relationships in sandy substrates such as beaches (Nordstrom et al., 2000). The flow decel-

eration upwind of the buildings and in the shadow zone just behind the buildings decreases

the wind-induced sediment carrying capacity. This results in a decreased sediment trans-

port flux and subsequently in deposition of the sediments from the airflow (Cooke et al.,

1993; Qian et al., 2011; Jackson and Nordstrom, 2011; Luo et al., 2012). Conversely, the flow

acceleration occurs as the air moves around the buildings, through the gaps between neigh-

bouring buildings and underneath the elevated buildings. The acceleration zone enhances

the sediment transport potential and hence causes surface erosion (Iversen et al., 1991; Luo

et al., 2014; Luo et al., 2016; Smith et al., 2017; Tominaga et al., 2018).

The aforementioned building-induced flow perturbations influence the sediment supply

from the beach towards the dunes. This process might disrupt the natural processes in a

way that the alterations to the sand dune system negatively affects its flood safety function-

ing (Nordstrom and McCluskey, 1984). On the other hand, many researchers believe that

buildings at the beach cause both positive and negative impacts on the dune systems (i.e.

both growth and erosion) (García-Romero et al., 2016; Smith et al., 2017). Buildings at the

beach do not always separate aeolian sand dunes from the sediment sources at the beach,

while they can also be used to enhance the sediment transport and improve sand dunes

(Nordstrom et al., 2000). It is also noteworthy that buildings at the beach trap aeolian depo-

sitions (Figures 4.1b and c). This becomes problematic for buildings functioning and might

block the entrance to the buildings over a longer time period. To prevent ongoing sedi-

ment accumulation and subsequent need for sediment removal measures, building owners

sometimes use alternative solutions such as placing buildings on poles (Figures 4.1d and e).

An understanding of the airflow and sediment transport patters underneath and around

buildings on poles would provide important insights for both the building owners to choose

a specific pole height, and the coastal management authorities who determine the regula-

tions for placing buildings at the beach, considering both the recreational demands and

the nature-based flood defense strategies. Previous studies on the morphological impacts

of beach buildings have focused primarily on identifying the erosion and deposition pat-

terns that form around buildings on the sedimentary bed (Bagnold, 1941; Pye and Tsoar,
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(a)

(b) (c)

(d) (e)

Figure 4.1: Buildings at the beach-dune interface. a) Different types of beach buildings at the Scheveningen beach,
the Netherlands. b) A restaurant with heavy sediment deposition around at the Noordwijk beach, the Netherlands.
c) A building with some sediment deposition behind the downwind face at the Noordwijk beach, the Netherlands.
d, e) A row of beach buildings on poles at the Kijkduin beach, the Netherlands.

2008; McKenna Neuman and Bédard, 2015; Tominaga et al., 2018), and how these patterns

depend on buildings characteristics such as geometry and size (Iversen et al., 1991; Cooke

et al., 1993; Poppema et al., 2021; Pourteimouri et al., 2022) as well as buildings positioning

such as orientation and spacing from each other (Luo et al., 2012; Luo et al., 2014; Luo

et al., 2016; Poppema et al., 2022b; Pourteimouri et al., 2023). Beach buildings are fre-

quently placed on poles, however a scientific study on bed level changes surrounding el-

evated buildings and to what extent they influence the duneward transport depending on
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the pole height is missing. Furthermore, the abovementioned studies are mostly conducted

using scale models of beach buildings in the field or in a wind-tunnel with sandy bed. The

study by Poppema et al. (2021) contains a field observation of erosion and deposition pat-

terns around a full-scale beach building. However, performing a wide range of studies with

systematic changes in pole heights, using such a large building is not easily applicable at

the beach.

The goal of this study is to quantify the influence of a row of full-scale elevated buildings

on airflow, morphological changes at the bed and the sediment delivery from the beach

through the buildings to the dunes as a function of building pole height. Firstly, the three-

dimensional numerical CFD model (Pourteimouri et al., 2022) is used to simulate airflow

around buildings and calculate the wind shear stress at the bed, sediment transport fluxes,

and initial rate of change in bed elevation. Secondly, the CFD model is coupled with Aeo-

LiS (Hoonhout and De Vries, 2016), which is a process-based sediment transport model, to

compute aeolian bed evolution around buildings. Thirdly, we compared the bed topogra-

phy results obtained by different sediment transport methods used in this study.

This study will answer three research questions: Q1) How does the near-bed wind field

change when beach buildings are placed on poles?; Q2) How do the sediment transport

and bed elevation change when buildings are placed on poles?; Q3) To what extent does the

duneward aeolian sediment transport through the buildings depend on pole heights?

4.2. METHODOLOGY

4.2.1. NUMERICAL MODEL SETUP

IN this study, the airflow and wind-induced erosion and deposition patterns around a

row of ten full-scale beach buildings on poles (with square cross-section) are modelled

using the OpenFOAM model developed by Pourteimouri et al. (2022). The beach buildings

are typically placed in a row with small gaps between them and a greater distance from

the neighboring rows. The number of beach houses varies from one beach to another, but

to maintain consistency with what we observed at the beach, we selected this configuration

with ten buildings placed in close proximity to each other and a larger gap at the sides of the

two outermost buildings. The impact of systematic changes in poles height on airflow and

bed morphology around buildings is then studied. The three-dimensional simulations are

conducted using the simpleFOAM solver, which solves Reynolds-averaged Navier-Stokes

(RANS) equations for steady, incompressible, and turbulent flows. The simpleFOAM solver

uses the Finite Volume Method (FVM) for Pressure-Linked Equations (SIMPLE) to solve the

flow equations. The well-known k −ε turbulence closure model is applied to simulate the
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turbulent flows over the beach and around the buildings. Figure 4.2 displays a commonly-

used building configuration at the beach-dune interface where a periodic row of buildings

is seasonally placed in the along-shore direction, y . The dimensions used in this study are

presented in Table 4.1. It is noteworthy that beach buildings come in various sizes, ranging

from small changing cabins to large holiday cottages and restaurants. For the purposes of

this study, we focused primarily on holiday cottages, which are identical buildings placed

in periodic rows close to each other along the beach. Although the size of these holiday

cottages can vary significantly, we based our dimensions on the standard size of a shipping

container, which was used in an earlier comparison of model results to field observations

(Pourteimouri et al., 2022). The dimensions of a shipping container are in the same range

as found for the holiday cottages at the beach.

Figure 4.2: Schematic design of buildings configuration at the beach-dune interface. The highlighted area shows
the numerical model setup. The logarithmic wind velocity profile is applied at the inlet of the computational
domain, x = 0 m. The wind direction is perpendicular to the front face of buildings.

The computational grids within the numerical domain are generated using an automated

meshing utility, cfMesh. The finest grid size is of order ∆x =∆y =∆z = 0.125 m adjacent to

the buildings on poles and bed surface, while the coarsest grid size of ∆x =∆y =∆z = 0.75

m is used farther away from the buildings and bed. This grid combination creates a total of

about 2.7 million cells. The logarithmic wind velocity profile is prescribed using the refer-

ence wind speed of ur e f = 17 m/s at the reference elevation of zr e f = 1.8 m. This reference

wind speed was selected based on field measurements taken at Noordwijk beach in the

Netherlands using the WindSonic anemometer by Poppema et al. (2021). To ensure a repre-
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sentative wind speed for actual sediment transport, an average of the measured wind speed

over a period of three storm days was taken. The uniform roughness height of z0 = 0.00001

m is used at the bed surface of the domain that was derived based on the median grain size

at the beach (d = 3.00×10−4) m. The boundary conditions used in this study are shown in

Figure 4.2. The slip boundary condition is used for the top boundary of the domain. The

periodic boundary condition is employed at the lateral sides of the computational domain.

This allows for oblique winds, used in Pourteimouri et al. (2023), but in this paper these

boundaries may as well be free slip walls. To accurately capture the flow behavior near the

solid walls, we used a combination of the wall function approach and a near-wall resolving

approach. The wall function approach is used to bridge the viscosity-affected region near

the bed, without resolving it explicitly. Meanwhile, the near-wall resolving approach in-

volves defining thin boundary layers and implementing local refinement near the building

walls and poles, allowing us to resolve the near-wall flow region. More detailed description

of the model, flow equations and implementation of boundary conditions can be found in

Pourteimouri et al. (2022).

Table 4.1: Model domain and beach buildings data.

Variable Value [m]

Domain length (L) 150.00

Domain width (W ) 150.00

Domain height (H) 30.00

Buildings length (l ) 6.00

Buildings width (w) 2.50

Buildings height (h) 2.50

Poles length (pl ) 0.50

Poles width (pw ) 0.50

Poles height (ph) 0−7.50

Gap between buildings (s) 2.50

4.2.2. AEOLIAN SEDIMENT TRANSPORT

IN case the magnitude of the wind-induced shear velocity, −→u∗, exceeds a threshold value,

u∗th , the sediment grains come into motion. In this study, we model aeolian sediment

transport using two different methods that are explained below.
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4.2.2.1. METHOD 1: INSTANTANEOUS BAGNOLD FORMULATION

IN the first method, the theoretical sediment transport flux, −→q [kg/m/s], is computed us-

ing the modified Bagnold’s equation (Bagnold, 1937) proposed by Nickling and Neuman

(2009):

−→q =C
ρa

g

√
d

D
(|−→u∗|−u∗th )3

−→u∗
|−→u∗|

(4.1)

with the empirical constant C = 1.80 [-]; the air density ρa = 1.29 [kg/m3]; the gravita-

tional acceleration g = 9.81 [m/s2]; the sediment grain size d = 3.00× 10−4 [m]; the ref-

erence sediment grain size D = 2.40 × 10−4 [m]; the wind shear (friction) velocity −→u∗ =√
|−→τ |/ρa

−→τ /|−→τ | [m/s]; the bed shear stress −→τ [N/m2]; the threshold shear velocity u∗th =
A

√
[(ρs −ρa)/ρa]g d [m/s]; the sediment density ρs = 2.65×103 [kg/m3]; and the constant

A = 0.1 [-] (Nickling and Neuman, 2009).

We are interested in erosion and deposition patterns around buildings on poles of different

heights. Therefore, the Exner equation is used which predicts the bed level changes based

on the mass conservation between the sediment in sandy substrate, i.e. beaches, and sedi-

ment grains that are being transported (Bauer et al., 2015):

∂zb

∂t
=− 1

ρs (1−n)

−→∇ ·−→q (4.2)

with the bed elevation zb [m]; the time t [s]; and the sediment porosity n = 0.40 [-].

It should be stated that the Bagnold’s transport equation is only valid under transport-

limited conditions in which the wind properties are steady, and the sandy bed can endlessly

provide dry sediment. In addition, Bagnold’s transport equation only considers horizon-

tal uniform flows. Consequently, the theoretical equations for modelling aeolian sediment

transport mostly overpredicts sediment transport since other transport limiting factors are

not taken into account (Sherman and Li, 2012). Although limitations in sediment budget

at the beach are typically incorporated in empirical models using calibration parameters, it

is still a challenging issue to account for real beach conditions where the bed features and

thus the sediment availability changes in both space and time.

4.2.2.2. METHOD 2: COUPLING BETWEEN OPENFOAM AND AEOLIS

IN the second method, the process-based numerical model AeoLiS (Hoonhout and De

Vries, 2016), is used. This model was developed to simulate wind-blown sediment trans-

port. Unlike the Bagnold’s transport equation, AeoLiS can also takes the impacts of supply-

limited conditions into account. These supply-limiting factors, that influence the amount
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of active sediment and thus reduce the sediment transport include bed moisture, vegeta-

tion, salt crusts, grain size and sorting, bed slope, beach armoring and non-erodible rough-

ness elements (Delgado-Fernandez, 2010; Hoonhout and De Vries, 2019). AeoLiS is capable

of simulating aeolian sediment transport in the case of varying sediment budget in both

space and time.

Aeolian sediment transport in AeoLiS is modelled using a two-dimensional advection equa-

tion proposed by De Vries et al. (2014):

∂c

∂t
+us,x

∂c

∂x
+us,y

∂c

∂y
= E −D (4.3)

with the sediment concentration per unit area in the air c [kg/m2]; the time t [s]; the salta-

tion velocity of the sediment grains in x direction (cross-shore) us,x [m/s]; the saltation

velocity of the sediment grains in y direction (along-shore) us,y [m/s]; the potential erosion

rate E [kg/m2/s]; and the potential deposition rate D [kg/m2/s]. The saltation velocity is

computed using the method proposed by Sauermann et al. (2001). The right-hand side of

the Eq. 4.3 denotes the net sediment entrained from the sandy bed, and is computed using

the following equation (De Vries et al., 2014):

E −D = min(
ceq − c

T
,
∂ma

∂t
) (4.4)

with the equilibrium (saturated) sediment concentration per unit area in the air ceq [kg/m2];

the saltation timescale for sediment grains T [s] that is assumed to be equal to the timescale

of both erosion and deposition; and the sediment budget at the bed ma [kg/m2].

The equilibrium sediment concentration, ceq , is computed using a theoretical aeolian sed-

iment transport model, i.e. the Bagnold’s formulation shown in Eq. 4.1:

ceq = |−→q |
|−→us |

(4.5)

Up to now, the wind-induced bed shear stress in AeoLiS, −→τ [N/m2], was computed using

the following equation:

−→τ =−→τ0 +|−→τ0|δ−→τ (4.6)

with the uniform bed shear stress only due to wind −→τ0 [N/m2]; and the bed shear stress

perturbation due to the interaction between the wind field and the bed morphology δ−→τ
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[N/m2]. The latter term is estimated based on the analytical method suggested by Weng et

al. (1991) and Kroy et al. (2002) in which a more accurate non-logarithmic wind field close to

the surface of a smooth topography is estimated. It should be noted that the above equation

is only valid for gentle slopes such as smooth hills or aeolian sand dunes outside their slip

face (lee face).

To simulate morphologic changes around buildings with steep (vertical) walls, a new cou-

pled model that links the airflow model, OpenFOAM, with the sediment transport model,

AeoLiS, is developed. The new conceptual approach used in this study is shown in Figure

4.3. The 3D steady-state OpenFOAM model, described in 4.2.1, is run to compute the wind

field around a row of beach buildings that are located on an initially flat sandy bed, zb = 0

m. Instead of using Eq. 4.6, the wind-induced bed shear stress computed by OpenFOAM is

derived for the grid point locations in AeoLiS. AeoLiS is then run to compute the bed topog-

raphy over a period of 20 hours, using the constant in time bed shear stress field provided

by OpenFOAM. As long as bed changes are small, the changes in flow induced bed shear

stress are assumed to be small compared to the large-scale shear stress field effects caused

by the buildings. The changes in bed elevation around buildings influence the wind field

close to the surface hence the bed shear stress needs to be updated via OpenFOAM with

the new bed topography. Therefore, the OpenFOAM model containing buildings on new

bed topography is run to update the bed shear stress that will be used in AeoLiS for the next

round. This iterative coupling of OpenFOAM and AeoLiS is continued from the initial time,

t0 = 0 s, until the end of the simulation, here t = 80 hours. It is noteworthy that the internal

time step used in AeoLiS is equal to ∆ti nt = 60 s, which is different from the time interval

that the bed shear stress recalculated by OpenFOAM.

4.3. RESULTS

4.3.1. NEAR-BED, TOP VIEW VELOCITY FIELD

THE wind velocity field in the horizontal plane near the bed, z = 0.25 m, around build-

ings without and with poles is shown in Figure 4.4. The corresponding streamline pat-

terns are shown in Figure 4.5. The distance in streamwise and spanwise directions as well

as the poles height are converted to dimensionless parameters expressed as x/w , y/w and

ph/w , respectively. Figure 4.6 compares the dimensionless streamwise component of ve-

locity, ux /ur e f , along two different lines Lx1 and Lx2 shown in Figure 4.4, for buildings with-

out and with poles. Lx1 passes the center of the one of the two central buildings, while Lx2

is the domain centerline.

For buildings placed directly on the beach surface, ph/w = 0, the incident wind can only
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Figure 4.3: New conceptual approach for coupling between OpenFOAM and AeoLiS. The OF is the abbreviation
for OpenFOAM.

flow through the gaps between buildings and over the top of the buildings. Figure 4.4a

shows small regions with low velocities (dark blue colors) in front of the windward faces of

the buildings. A negative x component of velocity, showing the existence of reversed vortex

flow, forms upstream of the buildings (see the blue crosses in Figure 4.6a). The jet flow

between the two neighbouring buildings is constrained due to the funneling effect, and the

wind velocity through the gap increases to about 2.7 times the wind velocity just in front

of the gap (see the blue crosses in Figure 4.6b). This flow acceleration could increase the

sediment transport capacity. On the other hand, the flow is expanding and decelerating

just behind the gaps, as shown in Figure 4.6b, that might result in lowering of the sediment

transport capacity hence the sediment deposition. Furthermore, the streamlines pattern

shows a pair of vortices that are rotating in opposite directions immediately behind the lee

face of the buildings (Figure 4.5a). These so-called separation bubbles are characterized by

lowest wind velocities in the vicinity of buildings (Figure 4.6a).

As buildings are placed on poles, ph/w = 1, the incident wind not only flows through the

gaps and over the buildings but also underneath the buildings (Figure 4.5b). The minimum

near-bed streamwise wind velocity in front of the buildings on poles and buildings directly

on the bed surface reaches almost 0.4 and −0.1 times the velocity of the undisturbed flow far

away from the buildings, respectively. Results reveal that the velocity in front of the build-

ings on poles decreases more gradually compared to the case when buildings are placed

directly on the beach surface (see the green crosses in Figure 4.6a). This means that build-
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ings on poles impact a larger area upwind of the buildings (Figure 4.4b). As the wind enters

the gap between the bed and the lower face of the buildings, the flow is substantially ac-

celerated. The flow acceleration is slightly higher at the beginning and end of the pathway

underneath the buildings due to additional flow compression in between the poles (Figure

4.6a). Downwind, the wind velocity decreases both behind the buildings (Figure 4.6a) and

behind the gaps (Figure 4.6b), however the slope of the curve behind the buildings is greater

than behind the gaps.

Figure 4.4: Spatial distribution of wind velocity magnitude, U , at a horizontal near-bed plane, z = 0.25 m, for a)
buildings on the beach surface, ph /w = 0, and b) buildings on poles, ph /w = 1. For buildings on poles, the small
solid rectangles show the exact location of the poles, while the large, dashed rectangles show the projection of
buildings on the near-bed horizontal plane.
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Figure 4.5: Patterns of the flow streamlines at a horizontal near-bed plane, z = 0.25 m, for a) buildings on the
beach surface, ph /w = 0, and b) buildings on poles, ph /w = 1. The streamlines are only based on horizontal flow
components.

Figure 4.6: Streamwise wind velocity, ux , distribution at a horizontal near-bed plane, z = 0.25 m, along the a)
centerline of one of the two central buildings, and b) domain centerline (respectively Lx1 and Lx2 shown in Figure
4.4) for buildings on the beach surface and buildings on poles. The purple dashed lines show the beginning and
end positions of the buildings in x direction.

4.3.2. SIDE-VIEW VELOCITY FIELD

THE wind velocity field in the vertical plane passing the center of one of the two central

buildings (along Lx1 shown in Figure 4.4), y = 72.5 m, in the case of buildings directly

on the beach surface and on poles is shown in 4.7. To provide more detailed information

on how the vertical distribution of the wind velocity changes in the vicinity of buildings, the

streamwise wind velocity is presented at the eight different locations along lines Lz1 to Lz8

in Figure 4.7. The corresponding results are shown in Figure 4.8.
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Figure 4.7: Spatial distribution of wind velocity magnitude, U , at a vertical plane passing the centerline of the one
of the two central buildings (along Lx1 shown in Figure 4.4), y = 72.5 m, for a) buildings on the beach surface,
ph /w = 0, and b) buildings on poles, ph /w = 1. The streamwise wind velocity along vertical profiles, Lz1 to Lz8 ,
will be presented and discussed later.

Figure 4.8: Streamwise wind velocity, ux , distribution at a vertical plane, y = 72.5 m, for eight different locations
at a) x/w = 20, b) x/w = 25, c) x/w = 28.6, d) x/w = 30, e) x/w = 31.8, f) x/w = 35, g) x/w = 40, and h) x/w = 45
(respectively Lz1 to Lz8 shown in Figure 4.7). Results are shown for buildings on the beach surface and buildings
on poles. The yellow and red hatched areas show the extension of the top and bottom of the buildings placed
on the beach surface and on poles, respectively. The vertical black dashed lines show the zero-wind velocity. It
is noteworthy that the velocity exactly at the bottom boundary is zero due to the no-slip boundary condition.
However, the data points in this figure show the cell center values. This explains why the zero velocity at the bed is
not included in this figure.
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The comparisons between velocity patterns around buildings on the beach surface (Figure

4.7a) and buildings on poles (Figure 4.7b) clearly indicate an increased wind velocity un-

derneath the buildings placed on poles. In addition, larger areas of low wind velocity both

upstream and downstream of the buildings form for buildings with poles compared to those

without poles. The vertical profile of the approaching wind velocity sufficiently upstream of

the buildings follows the logarithmic law (Figures 4.8a and b). However, for x/w = 25 (Lz2 ),

the velocity slightly decreases and buildings on poles show somewhat higher attenuation

rate. As the flow gets closer to the buildings, the more complicated the patterns of the ve-

locity field become. A further decrease in the wind velocity at the lower part of the domain

and the slightly negative velocity close to the bed and immediately in front of the build-

ings on the beach surface, x/w = 28.6 (Lz3 ), clearly shows the existence of the circulation

region (see the blue crosses in Figure 4.8c). This is due to the downward flow that moves

from the stagnation point at the upwind face of the buildings and continue in the reverse

direction relative to the incident wind. Just upwind of the buildings on poles, x/w = 28.6

(Lz3 ), the wind velocity significantly decreases in front of the body of the buildings, though

a gentle decrease occurs close to the bed and in front of the gap between upwind poles (see

the green crosses in Figure 4.8c). A thin layer with low wind velocities is observed over the

top side of both the buildings on the bed surface and the buildings on poles (Figure 4.8d).

This can be explained by the flow separation that occurs when the wind encounters the

upwind edge of the buildings. The flow velocity in this thin layer gradually increases with

increasing height above the top face of the buildings. Underneath the buildings on poles,

the flow is highly accelerated due to the funneling effect. It is noteworthy that, unlike the

closed-channel flows, the maximum velocity does not occur halfway between bed surface

and floor of the building. The reason is that the flow has to make a turn when passing the

sharp lower edge of the buildings. Therefore, due to separation and the downward push of

the horizontal momentum the point with the maximum velocity is deflected downward.

A small distance downwind of the buildings without poles (1.5 m behind the buildings),

x/w = 31.8 (Lz5 ), the results show a larger circulation region with negative velocities com-

pared to upwind of the buildings, x/w = 28.6 (Lz3 ) (see the blue crosses in Figure 4.8e).

For buildings on poles, the near-bed velocity remains high, while the flow deceleration and

slightly reversed flow occurs behind the body of the building (see the green crosses in Fig-

ure 4.8e). The farther away from the buildings, the less impacts the buildings have on the

flow. The velocity of the decelerated flow behind the building’s body, both without and with

poles, increases while downstream of the poles the near-bed flow acceleration decreases

(Figures 4.8f, g and h).
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4.3.3. SEDIMENT TRANSPORT USING THE BAGNOLD FORMULATION

THE spatial variability of bed shear stress, |−→τ | [N/m2], around a row of buildings without

and with poles is shown in 4.9. The bed shear stress results were entered in the Bagnold

transport equation leading to sediment transport rates. The duneward component (x direc-

tion) of the transport, qx [kg/m/s], is presented in Figure 4.10.

Model results indicate a substantial variation in bed shear stress around the buildings due

to the poles. The row of closely spaced beach buildings placed directly on the bed effectively

form a very wide building against the incident wind. Hence, the buildings largely block the

flow and a connected area with low bed shear stress values develops just in front of the

upwind face of the buildings (Figure 4.9a). Although a larger area with reduced bed shear

stress forms upwind of the buildings with poles, our findings show slightly higher values

due to flow ability to pass underneath the buildings (Figure 4.9b). For buildings placed on

poles, high bed shear stress not only develops in the gaps between neighbouring buildings

(similar to buildings without poles), but also underneath the buildings and just behind the

buildings. This is caused by the flow compression and acceleration underneath the build-

ings, especially when passing the gap between the poles. Furthermore, the increased bed

shear stress through the gaps between elevated buildings remains present far longer down-

stream compared to buildings placed directly on the bed surface. The small bed shear stress

magnitudes in the shadow zone just behind the buildings on the beach surface are pushed

downstream for buildings placed on poles.

The sediment transport rate derived from the bed shear stress show highly increased sed-

iment transport rate in x direction through the gaps, below and behind the buildings on

poles. While the transport rate in x direction just behind the buildings without poles is

almost zero and somewhat negative (Figure 4.10a), the highest transport rates occur im-

mediately downstream of the buildings on poles (Figure 4.10b). In addition, the increased

sediment transport rates downstream of the gaps between elevated buildings take place

over a longer distance in x direction compared to buildings without poles. Hence, placing

buildings on poles could cause a larger amount of sediment to reach the dune foot.

4.3.3.1. INFLUENCE OF DIFFERENT POLE HEIGHTS

IN the present study, we are interested in understanding the impact of building poles

height on the sediment delivery from the beach to the dune area behind the row of

buildings. Until now, we have shown the comparisons between buildings without poles,

ph/w = 0, and with poles, ph/w = 1, for flow patterns, wind-induced bed shear stress and

sediment transport rate in x direction, which we call the duneward transport. For this pur-

pose, we define six lines that are parallel to y direction and located at different positions in

x direction downstream of the row of buildings (see Ly1 to Ly6 in Figure 4.11). The average
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Figure 4.9: Distribution of bed shear stress, |−→τ | [N/m2], around a) buildings on the beach surface, ph /w = 0, and
b) buildings on poles, ph /w = 1.

sediment transport flux in x direction, qx , passing each line is then computed for build-

ings with different pole heights, and the results are compared in Figure 4.12. It should be

noted that the results are presented as the net impact of buildings (with or without poles)

on duneward sediment transport. Therefore, the average sediment transport flux over the

lines at the same locations in an empty domain is computed, qxr e f , and subtracted from the

corresponding transport flux in the presence of buildings, qx −qxr e f .

Immediately behind the lee face of buildings, x/w = 31.2, all tested pole heights, ranging

ph/w = 0− 2.5, cause positive impacts on the duneward (x direction) sediment transport

flux. In other words, more sediment particles reach line Ly1 , when buildings with poles are
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Figure 4.10: Distribution of sediment transport rate in x direction, qx [kg/m/s], around a) buildings on the beach
surface, ph /w = 0, and b) buildings on poles, ph /w = 1, using an aeolian sediment transport model proposed by
Bagnold (1937).

placed in an empty model domain. Buildings with shorter poles, ph/w ≤ 0.3, have very

small positive effect on the duneward transport, while the net effect of buildings consid-

erably increases for higher pole heights, 0.4 ≤ ph/w ≤ 1. Results show that the buildings-

related duneward flux reaching Ly1 for ph/w = 1 is about eight times higher compared to

when buildings with ph/w = 0.3 are placed in the domain. There is a slight decrease in the

effective transport flux, qx − qxr e f , for ph/w = 1.1 and ph/w = 1.2, for higher pole heights,

ph/w ≥ 1.3, the transport flux increases mildly with pole height. Five meters downstream

of the buildings’ lee face, x/w = 33.2, buildings with pole heights ph/w ≤ 0.5 reveal neg-
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ative impacts on duneward transport. This can be explained by the reverse flow and/or

low-speed flow region where sediment particles move in the opposite direction compared

to the incident wind (i.e. seaward) and/or the wind speed is not sufficient to initiate move-

ment of the sediment particles. In addition, model results show stronger increase of sed-

iment flux at Ly2 with increasing pole height when 0.6 ≤ ph/w ≤ 1.3, compared to higher

poles. Further downstream, x/w = 35.2−47.2, results show an increase in the range of pole

heights that leads to negative effective duneward transport,that is, less duneward transport

compared to an undisturbed situation. This is apparently because the increased duneward

sediment fluxes remain present far longer for taller poles (see Figure 4.10). The opposite

pattern occurs downwind of Ly3 , x/w ≥ 35.2, and for smaller pole heights, in such a way

that the effective duneward sediment transport flux increases with increasing the distance

from buildings. This occurs because the area with lowest bed shear stresses, dark-blue col-

ors in Figure 4.9, is pushed further downstream by the high-speed jet flows through the gaps

and below the buildings with higher poles. Conversely, the lowest bed shear stresses occur

close to the buildings on shorter poles, and the flow is being recovered far downstream.

Figure 4.11: The positions of the lines in the y direction where the average sediment transport flux will be com-
puted and analyzed in detail later in the paper are denoted by Ly1 to Ly6 . Ly1 is at x/w = 31.2, Ly2 is at x/w = 33.2,
Ly3 is at x/w = 35.2, Ly4 is at x/w = 39.2, Ly5 is at x/w = 47.2, and Ly6 is at x/w = 55.2. Hence, lines Ly1 to Ly6 are
positioned at 0, 5, 10, 20, 40, and 60 m downwind of the buildings, respectively, with a building width of w = 2.5 m
and the downwind face of the buildings located at x = 78 m.
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Figure 4.12: Net impact of buildings with different pole heights, ph , on sediment transport flux in x direction
(duneward), qx −qxr e f , passing lines Ly1 to Ly6 shown in Figure 4.11.

4.3.4. INITIAL BED LEVEL CHANGES USING EXNER EQUATION

THE initial erosion and deposition patterns, ∂zb/∂t [m/s], that develop around a row

of buildings without and with poles, using Bagnold and the Exner equation presented

in Eq. 4.2 is shown in 4.13. To test the model validity, the field measurements of bed level

changes around isolated scale models with different pole heights performed by Poppema et

al. (2022b) are qualitatively compared with the numerical model results. The experiments

took place at the Sand Motor beach in the Netherlands, and the scale models were present

at the beach for a few days. Figure 4.14 shows the elevation maps relative to a fitted linear

surface for individual sub plots to highlight the bedform changes due to the presence of
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buildings.

Figure 4.13: Initial erosion and deposition rate patterns, ∂zb /∂t [m/s], around a) buildings on the beach surface,
ph /w = 0, and b) buildings on poles, ph /w = 1, based on numerical model results using Exner equation (Eq. 4.2).

The numerical results show slightly lower deposition rates upstream of the elevated build-

ings. However, the upwind deposition spreads out over a larger area compared to when

buildings are placed at the bed surface (Figure 4.13). In addition, the strong erosion and de-

position areas that develop along and downstream of the two external buildings in the row

of buildings without poles become smaller in height for buildings with poles. Considering

that we only have field measurements of the bed level changes around isolated scale models

at the beach (not a row of buildings), the observations show the similar patterns (compare

Figure 4.14a with Figures 4.14b-f). Furthermore, deposition regions form around buildings
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Figure 4.14: Measured morphologic patterns around isolated scale models of beach buildings on different pole
heights, consisting a) ph /w = 0, b) ph /w = 0.2, c) ph /w = 0.4, d) ph /w = 0.6, e) ph /w = 0.8 and f) ph /w = 1. The
scale models with length, width, and height of 1×0.5×0.5 m were placed for a few days at the Sand Motor beach, the
Netherlands. The dominant wind direction is perpendicular to the windward face of buildings and from bottom
to up. The experiments were performed by Poppema et al. (2022b).

and extend further downstream, following the shape of the horse-shoe vortex (Blocken et

al., 2011; Oke et al., 2017). The downwind deposition tails for two neighbouring buildings

without poles, connect just behind the gaps and next to the buildings (Figure 4.13a). As
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buildings are placed on poles, these deposition tails appear to extend over longer distances

downwind the buildings and the connecting points move somewhat downstream in com-

parison with the buildings on the bed surface (Figure 4.13b). Similarly, the elevation maps

show downwind deposition tails starting next to the scale models on the beach surface (Fig-

ure 4.14a), while they move somewhat downwind for buildings on poles (Figures 4.14b-f).

Last, the numerical results show slightly shorter but stronger deposition tails just behind

the elevated buildings compared to deposition tails behind the gaps (Figure 4.13b). This is

comparable with experimental observations around some of the scale models (e.g. Figures

4.14b, c and e).

4.3.5. FURTHER DEVELOPED BED LEVEL CHANGES USING COUPLED MODEL

F IGURE 4.15 shows the bed level changes, zb , around a row of buildings without and

with poles, using the new coupled model. The bedforms are the result of an 80-hour

simulation, while the wind shear is updated, using OpenFOAM, every 20 hours during the

simulation time in AeoLiS. Results show that buildings placed directly on the beach surface

form a large deposition area upwind of the buildings. Small depositions similar to echo

dunes develop at small distance behind the gaps. For buildings placed on poles, less depo-

sition develops in front of the buildings, while more sediments deposit both downstream of

the buildings and the gaps between buildings. The well-pronounced downwind deposition

tails behind the gaps between elevated buildings, red-shaded colors, are about 5 meters

longer than those develop behind the gaps between buildings without poles.

To compare the bed topography estimated by the Exner formulation with those computed

by the coupled model, the rate of changes in bed level around elevated buildings calcu-

lated by the Exner formulation is converted to the bed elevation developed within 80 hours

of simulation (Figure 4.16). Results show that the upwind deposition is of about the same

order of magnitude for both models. However, a notable difference exists in the bed level

below and downwind of the buildings computed by the two models. The coupled model

shows erosion below the buildings and immediately behind the buildings. However, the

Exner equation mainly shows deposition in these regions. At some distance behind the

buildings and the gaps between buildings, both models show depositions however, the de-

position computed by the Exner equation is much higher than those simulated by the cou-

pled model.

These differences can be explained by the methods that each model uses to calculate the

sediment mass. In empirical formulations like Bagnold’s transport equation, the sediment

flux is only related to the wind velocity. The sediment transport flux derived from Bag-

nold’s equation describes the equilibrium (saturated) sediment transport rate. In equilib-
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rium condition, the actual sediment transport flux is equal to the sediment-carrying capac-

ity of the air. Therefore, the equilibrium sediment transport flux is the maximum transport

that occurs in case of fully-developed saltation, in which abundant sediment is available

at the beach and the fetch distance is beyond the critical fetch (Nordstrom and Jackson,

1992; Nordstrom and Jackson, 1993; Van der Wal, 1998; Bauer and Davidson-Arnott, 2003;

Delgado-Fernandez, 2010). The AeoLiS model uses an advection equation and sediment

source and sink terms to model the sediment mass transport. In addition, AeoLiS accounts

for the adaptation of flow velocity when local changes in spatial flow patterns occur. It also

considers the avalanche processes that avoids large gradients near e.g. the piles, which typ-

ically is a non-linear process. Non-linear processes might decrease the growth in amplitude

of the patterns, which is well-known in morphodynamic processes. This could be a reason

that the coupled model shows wider and lower depositions, whereas the results derived by

Exner equation show narrower and higher depositions.

Figure 4.15: Bed elevation, zb [m], around a) buildings on the beach surface, ph /w = 0, and b) buildings on poles,
ph /w = 1, calculated within 80 hours of simulation in the coupled model.

4.4. DISCUSSION

Nordstrom and McCluskey (1984) pioneered in studying the morphological impacts of el-

evated buildings on dunes. Nordstrom and McCluskey (1985) studied the wind velocity

underneath and around buildings with poles located at the Fire Island dunes in New York.

Their flow measurements revealed that the mean wind speed considerably reduces in the
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Figure 4.16: Bed elevation, zb [m] around buildings on poles, ph /w = 1, calculated within 80 hours of simulation
using the a) Exner equation, and the b) coupled model.

lee of buildings, even though they are placed on poles. In contrast, the wind channelization

below elevated buildings caused relatively high wind speeds that can be of the same order

as the undisturbed wind speed far upstream of the buildings. These findings are in line with

our model results. Figure 4.6a showed that the streamwise wind velocity downstream of the

buildings with poles, x/w = 42.85, reaches approximately 0.24 the wind speed far upwind

the buildings, x/w = 15. Conversely, the vertical profiles of the streamwise wind velocity

at various locations in x direction, shown in Figure 4.8, revealed that the wind speed un-

derneath the elevated buildings, x/w = 30 (Figure 4.8d), becomes even slightly higher than

(1.06−1.16 times) the wind speed sufficiently upstream of the buildings, x/w = 20 (Figure
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4.8a).

In this study, we assumed a steady wind condition, in which, the speed and direction of the

dominant wind do not change over time. Conversely, beach buildings at the real beach are

under unsteady wind gust conditions. The wind changes in speed, and it swings in different

directions. Furthermore, the wind speed used in this study (ur e f = 17 m/s at the zr e f = 1.8

m) was sufficiently high to be considered as the storm wind speed in the Beaufort Scale.

This implies that the bed shear stress, thus the sediment transport calculated in this study

might over-estimate the actual sediment transport observed around buildings at the beach.

Aeolian sediment transport is substantially affected by a variety of supply-limiting factors

such as bed moisture, vegetation cover, beach slope, particle properties, soluble salts, shells,

and roughness elements (Pye and Tsoar, 2008; Nickling and Davidson-Arnott, 1990). These

surface characteristics decrease the sediment carrying capacity of the air and/or the num-

ber of sediment particles that are available to join the saltation layer, causing reduced sed-

iment transport rate. The impact of these supply-limiting factors on wind-blown sediment

transport is typically incorporated by means of modifications in the threshold shear ve-

locity, u∗th (Nickling and Ecclestone, 1981; Cornelis and Gabriels, 2003; J. King et al., 2005).

This simplified approach complicates the sediment transport calculations using the aeolian

transport models, specifically under real beach condition where the limitation in sediment

budget exists. Consequently, the sediment transport models, e.g. the Bagnold’s formulation

used in this study, systematically overpredicts the transport fluxes (Sherman et al., 1998;

Sherman and Li, 2012; Hoonhout and De Vries, 2019).

The AeoLiS model is able to take the impacts of both temporal and spatial variations of lim-

iting factors in sediment availability into account. The model uses a simplified method to

calculate the wind shear in the presence of smooth topographies. However, this method

is no longer valid for buildings with vertical walls. The newly-developed coupled model

benefits from both detailed wind-induced bed shear stress around buildings, computed

by OpenFOAM, and the complicated sediment transport, using AeoLiS. However, decid-

ing on the frequency of updating bed shear stress in Aeolis using the results from Open-

FOAM, while running the transport model, AeoLiS, could be a challenging issue. Increasing

the number of updates in wind shear increases the precision of the calculations but makes

the simulations more computationally-expensive. In addition, small changes in bedform

around buildings might not influence the near-bed wind field significantly. Therefore, fur-

ther research is necessary to determine an optimal number of updates.

In this study, a constant wind speed and direction, i.e. a single extreme wind event was

assumed. However, the coupled model could also be used to test morphological develop-

ment for a longer time, including changes in wind speed and direction similar to the real
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beach condition where the wind is constantly changing in speed and direction. Consid-

ering a constant wind direction, the sediments pile up in front of the building, sheltering

the beach surface in the downstream area and close to the building against the wind. This

reduces the actual influence of buildings, i.e. the impact of sharp edges, on their sandy sur-

rounding. This means that the constant wind direction might create less erosion around the

upwind face and corners of the building. This can be explained by the approaching wind

that follows an aerodynamically smooth dune (the upwind sediment pile up) rather than a

sharp-edged building.

Our model configurations relied on certain assumptions, particularly with regard to the

geometric shapes and positions of the buildings at the beach. It is worth noting that any

changes to these assumptions could potentially affect the patterns observed in this study.

We discuss the implications of these assumptions and their potential influence on our re-

sults below, which may provide valuable insights for future research in this area.

Firstly, our study considered cubic buildings with flat roofs (Figure 4.1c), however beach

buildings can come in various shapes, and roof designs such as pyramidal (Figure 4.1b),

gabled (Figure 4.1d), wedged (Figure 4.1e) and others. Previous research by Enteria (2016),

revealed that these different roofing designs can significantly affect the flow field velocity,

pressure coefficients, and surface pressure coefficients of buildings. For example, Enteria

(2016) found that flow separation occurs above the leading edge of building with flat roof,

while for building with gabled roof, flow separation occurs at the roof’s top (ridge). More-

over, the pressure coefficients behind building with flat roof were lower than those behind

building with gabled roof. The observed variations in flow patterns can have significant im-

pacts on bed shear stress and sediment transport. By focusing on buildings with flat roofs,

our study provides a starting point for further investigation into the influence of different

roofing designs on these processes.

Secondly, the numerical simulations in this study were performed using a constant gap (be-

tween neighbouring building) size of one time the width of a single building and under per-

pendicular wind condition. However, previous studies showed that the surface shear stress

in the lee of buildings and gaps considerably depends on the gap size and the orientation

of buildings at the beach (Luo et al., 2012; Luo et al., 2014; Luo et al., 2016; Poppema et al.,

2022b; Pourteimouri et al., 2023). The streamlines downwind of the buildings without poles

are deflected slightly inward (see Figure 4.5a). Depending on the gap size, the row of build-

ings close to each other might effectively function as a single wide building in front of the

wind. Hence, the incident wind tends to create a large recirculation region encompassing

the lee faces of all buildings. The larger the gap size, the more intense jet flows. There-

fore, the two large opposing vortices cannot fully develop behind the buildings, and the
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high-speed separated flows from the edges of the corner buildings only deflect the jet flows,

especially the external ones, inward. We selected a gap size equal to one time the width

of a single building based on research by Pourteimouri et al. (2023), which demonstrates

reduced flow perturbations in the lee of buildings without poles when this gap size is used

compared to when buildings are placed closer together. Moreover, this gap size ensures that

neighboring buildings remain somewhat independent of each other, while still allowing for

a degree of interaction between adjacent buildings.

Thirdly, we modelled buildings on poles with a constant top sectional area of 0.5×0.5 m in

our simulations. The length and width of building poles could influence the airflow field

underneath the buildings. This, in turn, affects the aeolian sediment transport beneath

and downwind of the buildings. The flow speed-up increases as the gap between the inner

edges of the poles becomes narrower. Besides, the separation bubbles form downwind of

the wide poles that could potentially traps sediments. Therefore, the quantitative results

presented in this study are only representative for the tested geometry, gap size and wind

direction. For the future studies, the impact of changes in these three parameters can be

systematically investigated further.

Up until now, the morphological changes due to elevated buildings at the beach, and the

impact of various pole heights on sediment delivery to the dune systems have not been

studied yet. In the present study, we did not explicitly model the dunes behind the build-

ings. Placing buildings in front of the sand dunes would change the flow structures develop-

ing in the lee of buildings (depending on several parameters such as the dune slope, height,

shape, and the distance between the row of buildings and the dune foot) which in turn,

alters the sediment transport.

With all this, our findings not only improve the knowledge on the impact of different pole

heights on duneward sediment transport fluxes, but also takes a significant step forward

aiding in coastal decision-making processes, by quantifying the results with a number of

systematic simulations.

4.5. CONCLUSIONS

THIS research aimed to quantify the influence of elevated buildings at the beach on air-

flow structures, aeolian sediment transport patterns and the bed level changes around

buildings. A row of ten full-scale beach buildings placed on a flat/smooth bed was modelled

making use of the open-source CFD solver, OpenFOAM. The Exner equation together with

the Bagnold’s sediment transport rate formulation, and a newly developed coupled model

were used to simulate the initial and further-developed morphologic patterns around build-
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ings, respectively. The impact of systematic changes in pole height on the potential sedi-

ment supply to the dunes was then investigated. The pole height determines whether the

air can flow through the gap underneath the buildings, thereby determining the amount of

sediment that can be carried by the wind to downstream of the buildings. This sediment

could be deposited on the dunes, leading to dune growth and an increase of flood safety.

Our findings showed that the elevated buildings influence the wind speed of a larger region

upwind of the buildings compared to buildings without poles. However, the lowest wind

speed that occurs in front of the buildings on poles is much higher than the wind speed im-

mediately upwind of the buildings without poles. The jet flows are significantly accelerated,

compared to the wind speed in front of the gaps, when they are funneled through the gaps

between both the buildings without poles and the buildings on poles. The flow speed-up

through the gaps is slightly higher for elevated buildings. The flow speed decreases as it ex-

pands downstream of the gaps. For elevated buildings, the high-speed airflow behind the

gaps decelerates gradually over a long distance downstream of the buildings. However, the

flow behind the gap decreases rapidly for buildings without poles. Then, the wind speed

increases as the flow joins the undisturbed flow in the wake region.

To gain insight in the effect of elevated buildings on duneward sediment transport, the

effective average sediment transport rates across along-shore lines at different locations

downstream of the row of buildings were calculated. Our research showed that buildings

on poles could either enhance the sediment transport to the dunes or, alternatively, block

the sediments upstream of the buildings and cause a decrease in the amount of sediment

reaching the dunes. For buildings with pole height to width ratios of ph/w ≤ 0.3, the sedi-

ment flux just behind the buildings showed a small increase in comparison to the sediment

flux in an undisturbed situation. The sediment transport significantly increases for higher

poles, 0.3 < ph/w ≤ 1.0, whereas for pole height ratios greater than 1.0, the sediment trans-

port increases mildly with pole height. The effective sediment flux across a virtual line five

meters downwind of the buildings showed a reduction in duneward sediment transport for

ph/w ≤ 0.5. For higher pole height ratios up to 1.3, a rapid increase of sediment trans-

port with increasing pole height was observed whereas for higher poles a further increase

in pole height had only a small effect on further increasing sediment transport. Our find-

ings showed that the effective sediment flux decreases up to 10 meters downwind of the

buildings. However, this is not always valid for further distances away from the buildings,

especially for buildings with shorter poles that showed an opposite pattern. This can be

explained by the airflow behavior downstream of the buildings. The region with reduced

bed shear stress forms immediately behind the buildings without poles or buildings on

short poles. The flow is then recovered as it joins the undisturbed flow far downstream

of the buildings. For buildings on higher poles, the region with reduced bed shear stress is
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pushed further downstream. Therefore, the effective sediment flux for higher pole heights

decreases very far away from the buildings.

The findings of this study could help coastal managers to choose an appropriate pole height

when they set regulations for designing buildings at the beach to either get most benefits

from beach buildings in regards to the sediment transport to dunes, or minimize their po-

tential negative impacts on dunes.
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T HIS thesis focused on understanding of the influence of buildings at the beach-dune in-

terface on the wind field, sediment transport and bedform patterns in their surround-

ings. In Chapters 2-4, we studied how airflow and sediment transport patterns in the vicinity

of buildings depend on building characteristics (dimensions and pole height), positioning

with respect to the neighbouring buildings, and the orientation relative to wind direction at

the beach. In this chapter, the results are further discussed, comparisons with literature are

made, and the applications and limitations of this study are explicitly elaborated.

5.1. FLOW MECHANISMS RESPONSIBLE FOR AEOLIAN MORPHO-

LOGIC PATTERNS AROUND BUILDINGS

T HE formation and evolution of wind-driven erosion and deposition patterns around

beach buildings are determined by the secondary flow structures that develop due to

the presence of buildings. The wind approaching a sharp-edged building is diverted into

four branches; downward to the bed, sideward around the building and upward over the

building (see Figure 1.3). The downward flow experiences flow reversal. The reversed flow

together with the approaching wind form a standing vortex at some distance in front of the

building. This vortex wraps around the upwind corners, stretches out around the lateral

sides and further downstream of the building creating a horseshoe shape (Peterka et al.,

1985; Blocken et al., 2011). The incoming wind and the reversed flow form a deposition

region, similar to the shape of echo-dunes, at some distance upwind the building where

the flow deceleration is pronounced. The reduced wind speed decreases the sand trans-

port capacity of the wind, explaining the formation of upwind deposition. Apart from flow

deceleration, the convergence of the third-order horizontal velocity field enhances the de-

position in front of the building. This finding is consistent with the results reported in pre-

vious studies, where the echo-dunes form at a small distance in front of solid obstacles, i.e.

buildings, hills, and cliffs, when the windward slope of the obstacle is steeper than 50◦−55◦

(Tsoar, 1983; Cooke et al., 1993; Qian et al., 2011). Therefore, the third-order convergence

of the horizontal flow replicates the sediment transport convergence qualitatively well. The

horse-shoe shape vortex causes high-speed regions at small distance away from the upwind

corners and the lateral sides of the building, creating local eroded regions at those locations,

especially around the leading corners (Iversen et al., 1991; Tominaga et al., 2018; Poppema,

2022). This can be also explained by the large negative convergence of the third-order hori-

zontal velocity field. Deposition tails form around and/or downstream of the building as the

accelerated flow slightly decelerated when joining the undisturbed flow far away from the

building. Buildings create either one or two deposition tails, depending on the sediment

supply, wind shear velocity, building shape and orientation (Cooke et al., 1993; McKenna
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Neuman et al., 2013). There is a sheltered area immediately downwind the building, within

which the wind-induced bed shear stress, thereby the sediment transport capacity of the

wind is small. This causes sand accumulation just behind the building, also referred to as

lee dune or sand shadow (Bagnold, 1941; Pye and Tsoar, 2008; Luo et al., 2012). The similar

phenomenon occurs for river dunes or bedforms in shallow seas. The sand is trapped in the

low-speed flow separation zone that forms behind the slip face of the dune. Conversely, the

flow speed-up occurs over the stoss face of the dune. These together induce dune migration

over longer time scales (Paarlberg et al., 2007; Lefebvre, 2019; Lokin et al., 2022).

In case of multiple buildings close to each other, the airflow patterns and thus the aeo-

lian erosion and deposition patterns change. The gap size between neighbouring build-

ings plays an important role in the development of sand drifts in the lee of gaps (Cooke

et al., 1993; Greeley and Iversen, 1985; Luo et al., 2014; Luo et al., 2016). The flow speed-

up through the gap causes an elevated wind-induced bed shear stress, hence increases the

sediment transport capacity of the wind. Conversely, the flow expansion beyond the gap

causes flow deceleration, and as a result sand deposition occurs. Buildings placed very

close to each other act similarly to an isolated very wide building against the wind regard-

ing the flow patterns. They form a large continuous deposition region upwind of the row

of buildings, and dominantly divert sand particles to the outer buildings in the row. For

larger gap sizes, the flow intrudes through the gaps. The sediment transport increases as a

result of funneling effect, creating larger sand drifts just behind the gaps while smaller de-

position tails occur at external sides of the row. Our findings showed that there is a critical

gap size, beyond which less flow intensification occurs through the gaps and morphologic

patterns around each building in the row are similar to those patterns that form around

an isolated building. Apart from the gap size, the wind direction relative to the buildings

is of high importance affecting the aeolian sediment transport. The wind direction deter-

mines the orientation and size of the circulation regions forming in the vicinity of buildings.

The development of large vortices in the gaps between buildings causes flow blockage for

the approaching wind, thereby an intense funneling effect occurs through the gaps. This

affects the significance of the sand drift behind the gaps.

It is noteworthy that we only tested one size for the buildings in the row. Our findings might

change if different width-to-height ratios for buildings are applied. For example, our results

in Chapter 2 showed that when the buildings get higher, the airflow passing around the

lateral faces of the buildings accelerates and the separation bubble behind the buildings

becomes larger. This flow speed-up around the buildings might increase the sediment-

carrying capacity of the wind and steer more sediments to downstream.
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5.2. COMPARISON BETWEEN THE DIFFERENT SEDIMENT TRANS-

PORT MODELS

S EDIMENT transport has been widely modelled using equations that relate the trans-

port flux to the third power of the wind velocity (Bagnold, 1941; Kawamura, 1951; Lettau

and Lettau, 1977). The sediment transport rates derived from these empirical formulations

describe the equilibrium (saturated) sediment transport rate. The equilibrium sediment

transport rate is the maximum transport rate occurring in case of fully developed salta-

tion, in which the fetch distance is beyond the critical fetch (F > Fc ) (Nordstrom and Jack-

son, 1992; Nordstrom and Jackson, 1993; Van der Wal, 1998; Bauer and Davidson-Arnott,

2003; Delgado-Fernandez, 2010). Under equilibrium transport theories, the actual sedi-

ment transport rate is equal to the sediment-carrying capacity of the wind. Therefore, there

is a balance between the sediment deposition (inflow) and the entrainment (outflow) from

the bed surface. In case of abundant sediment supply at the beach and fetch distances be-

yond the critical fetch, the equilibrium sediment transport rate can be considered as an

appropriate indicator for the actual transport rate at the beach (Hoonhout and De Vries,

2016). However, the fetch distance on an actual beach is limited by the beach width, and

the supply-limiting factors usually exist on beaches. Parameters affecting the availability of

sediment on the beach consist of vegetation, surface moisture (Davidson-Arnott et al., 2005;

Bauer et al., 2009; Nolet et al., 2014), beach slope (Hardisty and Whitehouse, 1988; De Vries

et al., 2012), grain size and sorting (Horikawa et al., 1986), beach armouring (Hoonhout and

De Vries, 2019), shells (McKenna Neuman et al., 2012), non-erodible roughness elements

(Logie, 1982) and soluble salts (Nickling and Ecclestone, 1981). The factors noted above

limit the entrainment of sediment particles from the beach surface.

The empirical formulations represent transport-limited situations, meaning that the bed

surface supplies unlimited dry and uniform sediments under steady wind conditions over

a flat bed. Hence, the actual sediment transport rates on natural sandy beaches are often

much lower than those estimated by the empirical models, and consequently they cannot

be considered as appropriate indicators for the measured sediment transport rates in the

field (Sherman et al., 1998; Sherman and Li, 2012; Hoonhout and De Vries, 2019). The in-

fluence of supply-limiting conditions on the sediment available for aeolian transport at the

beach is commonly incorporated using calibration coefficients for the wind velocity thresh-

old (Nickling and Davidson-Arnott, 1990; Cornelis and Gabriels, 2003). This approxima-

tion method could be a limitation in empirical sediment transport models, especially when

modelling the actual beach where inherent spatial and temporal variability in bed surface

features exist.
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To model sediment transport around buildings, the 3D airflow model developed using Open-

FOAM was coupled with the process-based 2D sediment transport model, AeoLiS, in which

the aeolian sediment transport rate, fetch distance, wind shear threshold for sand entrain-

ment and sediment availability at the beach are incorporated. The AeoLiS model simulates

the sediment availability for aeolian transport on sandy environments rather than param-

eterisation of the threshold velocity. It can also simulate arbitrary variations in bed sur-

face features in either space or time that enables modelling more realistic cases, i.e. sandy

beaches. Unlike the empirical formulations, in which the sediment transport is only related

to the airflow velocity, AeoLiS takes the spatial effect of the adaptation to local changes

in flow patterns, e.g. separation zones, into account. In this thesis, the coupled model

was used to examine the finite amplitude evolution of bed level around buildings with-

out and with poles placed on a flat sandy substrate, i.e. an open beach, within a couple of

days. Although, AeoLiS is already capable of modelling several parameters such as surface

moisture, vegetation, hydrodynamic, waves, tide, groundwater and none-erodible obsta-

cles (Hoonhout and De Vries, 2016; Hoonhout and De Vries, 2019), the supply limitation

capabilities of AeoLiS have not been considered in this study. We assumed a constant wind

speed and direction, i.e. a single extreme wind event, in our simulations. However, using

the coupled model, it is also possible to consider wind time series, in which the wind con-

ditions are constantly changing similar to the situation at a real beach. The spatial distri-

bution of bed shear stress surrounding the building changes substantially with the wind di-

rection. Furthermore, considering a uni-directional wind, the sediments pile-up in front of

the windward face of the building might create a hindrance for downstream, sheltering the

beach surface close to the building against the wind. This reduces the influence of buildings

on their sandy surroundings, creating for instance less intense eroded regions around the

upwind face and corners of the building. In case the sediment deposition becomes truly

high, the approaching wind might follow the flow mechanisms forming over and around

an aerodynamically smooth dune rather than a sharp-edged building. It should be noted

that although the coupled OpenFOAM-AeoLiS model is key to simulating real-world situa-

tions, it could become computationally expensive. The total frequency of coupling between

OpenFOAM and AeoLiS depends on the time scale over which we are looking at wind-driven

morphologic patterns, also the time interval in AeoLiS that the bed shear stress needs to be

updated using OpenFOAM. The latter affects the accuracy of the model results.

5.3. MODEL LIMITATIONS

5.3.1. BEACH BUILDINGS IN FRONT OF DUNES

IN this thesis, we studied the impacts of buildings with various configurations on a flat/open
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beach in their surroundings. However, on an actual beach, multiple rows of beach build-

ings are generally positioned in front of the dunes. To obtain insight into the influence of

buildings on dunes, we examined the average sediment transport fluxes passing multiple

lines in along-shore direction and at different locations downwind of the buildings. Our

findings showed that the averages vary considerably depending on the location of the lines.

Although these investigations enable comparisons between the potential duneward sedi-

ment transport for different building configurations at the beach, they cannot be consid-

ered as detailed projections of the sediment transport when buildings are placed in front of

the dunes. The reason is that when buildings are placed in front of the dunes, more compli-

cated airflow and thus sediment transport patterns form in the lee of the buildings. Figure

5.1 shows the wind speed and direction around a row of full-scale buildings in front of the

dune. These patterns mainly depend on the distance between the buildings and the dune

foot, dune slope and wind direction (Nordstrom et al., 2000; Smyth and Hesp, 2015; Hesp

and Smyth, 2021). To make a fair interpretation of the impact of buildings on duneward

sediment transport, the examination of the sediment transport towards the dunes without

the presence of buildings is needed. In the absence of buildings, Jonkheer (2022) found that

three flow regimes occur in front and over the dune, depending on the dune slope and wind

direction. These flow regimes consisting the flow attached to the stoss slope of the dune,

single circulation region in dune foot, and two circulation regions; one in dune foot and one

over the top of the dune. Placing a row of buildings in front of the dunes will locally change

the flow patterns mentioned above and the flow properties (speed and direction) depending

on the distance between the buildings and the dune foot as well as building characteristics.

This causes changes in the duneward sediment transport patterns and magnitude (Stevers,

2021; Hobeika, 2021).

5.3.2. BEACH HOUSES IN COMBINATION WITH LARGE BUILDINGS

IN this study, we modelled a row of beach buildings with the same size and geometry

placed on a flat bed. In a real beach, the row of beach houses are sometimes placed

in combination with large buildings, e.g. restaurants, hotels and pavilions. Depending on

the size of these pavilions and beach houses, gap size between them and the orientation of

these buildings relative to the wind direction, the airflow patterns around buildings change

which, in turn, alter the aeolian sediment transport and potential morphologic patterns

around buildings. Figure 5.2 shows the flow field (speed and direction) around a row of

buildings in front of the dune. Large buildings can give more significant interactions be-

tween buildings and dunes.

As indicated in Figure 5.2, the separation bubble consisting of two large counter-rotating
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Figure 5.1: Wind velocity magnitude and flow direction around a row of ten full-scale beach buildings with the
length, width and height of 6.0× 2.5× 2.5 m, placed in front of a dune. The gap spacing between neighbouring
buildings is equal to the width of each building. The dune height is 10 m, and buildings are placed on the beach
which is at an elevation of 3 m from the zero level. The wind speed is 17 m/s at 1.8 m, and wind direction is
perpendicular to the upwind face of the buildings (left to right). Results are derived for a vertical plane passing the
center of the one of the two central buildings.

vortices forms downwind of the large building that there is no beach houses in its down-

wind. Conversely, the large building with beach houses in its downwind shows disturbed

airflow patterns in the separation bubble, meaning that the flow patterns in the vicinity of

the large building and adjacent beach houses interact. The number of beach houses that

are located in the shadow of the large building depends on a number of parameters (e.g.

gap width, wind direction) that have not been studied in this thesis.

5.3.3. CROSS-SECTIONAL AREA OF THE POLES OF ELEVATED BUILDINGS

CHAPTER 4 of this thesis studied the influence of pole height on the airflow patterns

and aeolian bedform development around a row of buildings. A constant cross-sectional

area of 0.5×0.5 m was used for poles in all tested simulations with elevated buildings. How-
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(a)

(b) (c)

Figure 5.2: The flow field around a row of beach houses with the length (l ′), width (w ′) and height (h′) of 6×2.5×2.5
m that are placed in between two large buildings with the length (l ), width (w) and height (h) of 20×25×5 m. The
beach houses are placed on poles with the height of ph

′ = 1.25 m. The large buildings are placed on poles with the
height of ph = 2.5 m. The top section of the poles in the beach houses is 0.5×0.5 m, whereas it is 1.0×1.0 m for
the large buildings. The gap width between the large buildings and the first/last building in the row (s), and the
gap width between the two neighbouring beach houses (s′) are 10 m and 2.5 m, respectively. Figures a and b show
the downwind view and bottom-view of the wind speed magnitude around buildings, and Figure c shows the flow
direction. The Figures are plotted for a horizontal plane at an elevation of z = 0.25 m from the bed surface. The
incident wind is ur e f = 17 m/s at zr e f = 1.8 m, and the wind direction is θw = 45◦ relative to the x direction of the
domain.
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ever, the length and width of the poles will vary in reality, depending on the size of the

building, and could affect the flow behaviour underneath the buildings which, in turn, in-

fluences the wind-blown sediment transport. For instance, the narrower the gap between

the inner edges of the poles, the more intense funneling effect and acceleration in flow. Fur-

thermore, the recirculation region that forms downwind of the wide pole could potentially

traps sand grains.

5.3.4. ANTHROPOGENIC INTERVENTIONS

S ANDY beaches attract a large number of people, especially during the touristic season.

Human interventions alter the aeolian sediment transport at the beach and thereby also

the morphologic patterns around buildings and the dune topography (Nordstrom, 1994;

Nordstrom et al., 2000; Jackson and Nordstrom, 2011; Martínez et al., 2013). Human ac-

tivities affecting the natural aeolian processes at the beach consist of walking/driving on

building-induced bedforms, trampling/removing vegetation, beach cleaning operations and

relocating sediments (Bochev-Van der Burgh et al., 2011).

The deposition tails forming downwind of the buildings close to the dunes could enhance

the development of the dune ramps that are crucial to facilitate aeolian sediment transport

onto the dune stoss slope and toward the crest (Walker et al., 2017) (Figure 5.1). Deposi-

tion close to the building might hinder the access walkway and the doors to the buildings.

Hence, to prevent the inundation of buildings by sand, the property owners remove sand

deposition just behind the buildings. This induces negative impact on the development of

the dune ramp, hence retarding the dune growth. Furthermore, removing the sediments

immediately behind the buildings creates a very steep slope that results in sand avalanche

and impedes the dune growth.

Figure 5.3: A row of closely-spaced vacation houses with deposition regions behind their lee face. The buildings
are placed at a close distance to the dunes (photo by Daan Poppema.)
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To better understand and quantify the anthropogenic effects on aeolian morphologic devel-

opment around buildings at the beach, the linking between the coupled model developed

in this thesis and the models that represent the human dynamics at the beach is needed.

This can be done by multi-level modelling that engages the scientific knowledge provided

by this study with social, economic, and policy disciplines to capture the human actions

across a range of time scales (Lazarus et al., 2016). In addition, the coupled model devel-

oped in this study helps to describe the physics in anthropogenic-based processes.

5.3.5. OTHER LIMITATIONS

IN this thesis, the influence of building characteristics, positioning relative to each other

and the orientation with respect to the incident wind direction on airflow structures and

aeolian morphologic patterns around buildings have been studied. In our simulations, the

dunes were not modelled and building(s) placed on a flat open area. The influence of natu-

ral bedforms, e.g. ripples, on the flow field was not taken into account. The small roughness

length z0 used in this study results in a smooth bed surface, which its roughness is signifi-

cantly smaller than that of for the sandy beach surface. Furthermore, the sediment supply

and the impacts of supply-limiting conditions have not been included in the model.

Although these simplifications of reality were assumed in the presented model results, the

most important processes of airflow and sediment transport are included such that the

model is able to investigate their primary effects. The erosion and deposition patterns that

the model describes seem to match reality to a satisfactory degree to have confidence in the

model.

5.4. MODEL APPLICATIONS IN COASTAL MANAGEMENT

NUMERICAL models were developed to examine the building-induced effects on air-

flow and sediment transport patterns in their surroundings, when buildings proper-

ties and location at the beach relative to each other and the wind direction systematically

change. Although we studied buildings on a flat/open sandy beach, at the actual beach the

buildings are often placed in front of the dunes. To account for the influence of buildings

on sand supply from the beach to dunes, we computed the net average sediment transport

flux passing different lines downwind the buildings.

Coastal sand dunes provide natural flood defences by protecting inland from storm surges.

They also provide crucial ecological values as they are habitat for diverse species. Despite

the widespread believe that buildings at the beach-dune interface hinder the aeolian sedi-
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ment transport to the dunes (e.g. Hallin et al., 2019), the findings of this thesis suggests that

buildings, depending on their characteristics, positioning and orientation at the beach, are

capable to enhance downwind sediment transport. Therefore, buildings at the beach do

not always disconnect dunes from their sediment source, also they can be used to enhance

duneward aeolian sediment transport. This is also compatible with the findings reported

by Nordstrom et al. (2000).

For example, we found that a row of buildings with very small gap sizes in between, i.e. 0.1

times each building width, causes almost no sediment flux through the gaps. They form a

large deposition upwind of the buildings and mainly send sediments to the outer buildings

in the row. As the gap size increases, up to 1.0 times each building width, flow speed-up

and thereby increased sediment flux occurs through the gaps. Conversely, less sediments

move to the outer buildings in the row. For gap sizes greater than 2.0 times each building

width, less intense funneling effect occurs through the gaps. In addition, the airflow and

sediment transport patterns developing around each building are approximately similar to

those patterns that develop around isolated buildings. Hence, the neighbouring buildings

have minor effects on each other and the resulting pattern can be described as more in-

dividual patterns around buildings. The similar findings were reported based on the field

measurements performed by Poppema et al. (2022b). The above noted findings are valid

for perpendicular wind direction, and they might differ for oblique wind directions. For in-

stance, results showed that wind direction of 20◦ causes the most sediment delivery to far

downstream of the buildings for all tested gap sizes between 0.1 to 4.0 times each building

width. The implementation of rules of thumb that we derived based on the tested wind

directions in this study might become challenging for the real beach where the wind di-

rection is constantly varying over time. To use our findings for a real case study, the wind

characteristics recorded by the nearby meteorological stations can provide the dominant

wind direction over the most common seasons that the vacation buildings are placed at

the beach, e.g. spring and summer. To obtain more accurate results, the weighted average

of the net average sediment transport fluxes passing a certain line can also be computed

considering the frequency of each wind direction provided by the wind rose.

Our results, furthermore, showed that not all the elevated buildings on poles cause positive

impacts on dunes compared to when the buildings are placed directly at the beach surface.

For instance, the effect of elevated buildings with various pole heights on the net average

sediment flux, reaching five metres downstream of the buildings showed negative influence

on dunes when buildings are placed on pole height smaller than 0.5 times each building

width. The sediment flux increases considerably for greater pole heights up to 1.3 times

building width, and beyond which the rate of change in sediment flux decreases. Therefore,

an optimum pole height could lead to a reasonable amount of sediment to the dunes, while
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minimising the cost of constructing extra pole height and access stairs to the buildings.

As mentioned above, we systematically studied the influence of gap size and pole height as a

multiple of the width of each building on airflow and sediment transport patterns. The rea-

son is that our findings in chapter 2 showed that the flow mechanisms and aeolian erosion-

deposition patterns around buildings mostly depend on the building width perpendicular

to the wind rather than the other two dimensions. Therefore, to obtain the dimensionless

parameters, all dimensions were divided by the building width.

The findings of this thesis provide coastal managers with insights on how buildings at the

beach influence their sandy environment and dunes morphology. Considering the assump-

tions used in this study, we found that:

• The airflow patterns, hence the aeolian bedform developments around buildings mostly

depend on the building’s width perpendicular to the prevailing wind direction. These

patterns are least dependent on the length of the building parallel to the wind direc-

tion.

• The gap spacing between neighbouring buildings determines the flow patterns, es-

pecially downwind of the building. For g∗ ≤ 0.09, the row of buildings close to each

other effectively act as a very wide building against the wind. Hence, the flow passing

through the gaps is negligible, and two large opposing vortices form behind the entire

row of building.

• For g∗ = 0.41, the size of two outer vortices slightly decreases, whereas the jet flows

through the gaps become more pronounced. Hence, the smaller-sized vortices that

form behind the gaps are encompassed with a pair of larger opposing vortices. The

outer vortices are destroyed by the intense inner jets as the gap ratio increases to 0.47.

• There is a critical gap spacing of g∗ = 0.67 beyond which the airflow structures and

erosion-deposition patterns around buildings are almost independent from neigh-

bouring buildings. Hence, the resulting patterns are a linear superposition of the in-

dividual patterns forming around each building.

• The buildings with pole heights of ph/w ≤ 0.3 cause a very small increase in the net

duneward sediment transport (compared to an empty domain) reaching the area just

behind the lee face of the buildings. For higher pole heights, 0.3 < ph/w ≤ 1.0, the net

sand supply to the dunes significantly increases just behind the buildings.

• Five meters downwind of the buildings, the pole heights of ph/w ≤ 0.5 cause less

duneward sediment transport compared to an empty domain. However, the higher
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pole heights, 0.5 < ph/w ≤ 1.3, result in a rapid increase of sediment transport with

increasing pole height.

• The wind direction of θw = 20◦ causes a narrower and longer sediment transport

downwind of the gaps between buildings. While the wind direction of θw = 40◦ re-

sults in a wider and shorter sediment transport behind the gaps.

• Far downstream of the buildings, the wind directions of θw = 20◦ and θw = 40◦, re-

spectively, lead to the highest amount of net sand supply to the dunes for all gap ratios

except for smaller ones (g∗ < 0.41), where the net duneward transport for perpendic-

ular wind direction, θw = 0◦, is higher than that of for θw = 40◦.

• The row of buildings creating an angle of θw = 80◦ with the incident wind direction,

effectively acts as a very long building against the wind (wind is more perpendicular to

the longer face of the buildings). Hence, the minimum duneward sediment transport

is expected to occur similar to along-shore wind directions.

Using these rules of thumb, coastal managers could place buildings at the beach in a man-

ner to either gain most benefits from buildings in regard to the sediment supply to dunes

or minimise the negative impacts on their surrounding (i.e. sand accumulation locking the

access door to the buildings or burying the boardwalks).

5.5. MODEL APPLICATIONS IN THE DEVELOPMENT OF SNOWDRIFTS

AROUND BUILDINGS

THE building-induced aeolian bedforms found in this thesis are comparable with the

snowdrifts that form around buildings (Thiis and Gjessing, 1999; Thiis, 2003; Beyers

and Waechter, 2008; Tominaga, 2018; Liu et al., 2018). It has been confirmed that the main

snowdrift patterns are erosion around the upwind corners of the building, and deposition

in both upwind and downwind of the building (Tominaga, 2018).

The deposition of the snow particles mostly depends on two factors: it requires a low fric-

tion velocity and available snow particles for accumulation. However, the building-induced

perturbations increase the snow concentration in the air which, in turn, results in snow

accumulation at higher friction velocities than that of needed for snow deposition under

undisturbed flow condition at an empty environment (without buildings) (Thiis, 2003).

A key difference between the aeolian sediment transport and snowdrift developments around

buildings is that the sediment at the beach is not supplied from the falling process. Hence,

the sediment transport around buildings at the beach only depends on the shear stress ex-
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erted by the wind and the threshold shear velocity for sediment particle movement. In the

case of snow blowing around the buildings, the snow particles are restrained from entering

the sheltered area just behind the building. Hence, the snow accumulation just behind the

lee face of the building depend on the vertical snow distribution in the upwind area, es-

pecially over the building’s roof. The snow passing the top of the building can be trapped

in the sheltered area. However, when the snow transport takes place only in saltation, the

snow particles can only be entrained from the sides of the wake. The latter is more similar

to the aeolian sediment transport that occurs at the beach.

Furthermore, an existing snowdrift around the building could change the roughness of the

bed surface. The smoothening effect results in an increased wind-induced bed shear stress

compared to a clean bed surface (Thiis, 2003). The increase in bed shear stress impedes the

deposition of the snow particles.

5.6. MODEL APPLICATIONS IN ARID AND DESERT REGIONS

IN addition to coastal environments, the arid and desert regions (drylands) are poten-

tially susceptible to aeolian sediment transport. The airflow and erosion-deposition pat-

terns observed in drylands are similar to those patterns occurred in coastal zones. However,

the wind-blown sediment transport in drylands could become more pronounced in com-

parison with coastal zones, because the dry sand is generally available in these areas and

they are wide regions that can mostly provide the critical fetch distance. These areas are

increasingly hosting anthropogenic activities such as transportation, industry, mining and

housing. The hazards induced by aeolian sediment transport in drylands have been studied

by Zhang et al. (2007), Salman et al. (2010), Liu et al. (2011), Middleton and Sternberg (2013)

and Boulghobra (2016).

The wind-blown sediment transport in drylands acts at the scale of an isolated building (He

et al., 2018), urban area (Mestoul et al., 2017) and at the infrastructures such as railways,

roads, pipelines and irrigation canals (Bruno et al., 2018). The accumulated sand volume

around civil structures and infrastructures in arid regions or deserts translates into both

direct and indirect impacts. The direct impacts are static loads exerted on the structures,

whereas the indirect impacts consist of undermined durability, functionality, human com-

fort and safety, as well as increased maintenance measures (Raffaele and Bruno, 2019).

The coupled model developed in this thesis can be used to gain insight on erosion and de-

position patterns around buildings in arid regions or deserts. In addition, minor changes

allow to use the model for simulating the aeolian morphologic patterns around infrastruc-

tures.
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T HE goal of this thesis was to quantitatively study the influence of buildings at the beach

on airflow structures, the aeolian sediment transport and how morphologic patterns

form in their surrounding. In our study, we focused on understanding how building charac-

teristics and positioning at the beach affect the bedforms in their vicinity. For this purpose,

we developed a three-dimensional model using OpenFOAM that simulates the wind field

around an isolated building or a row of buildings placed on an open beach. The bed shear

stress derived from OpenFOAM model was used to model sediment transport and thereby

wind-driven erosion and deposition patterns using two methods. Firstly, we developed a

model to compute sediment transport fluxes using the Bagnold’s (1941) formulation. Then,

the Exner equation was applied to estimate initial bed level changes based on the conver-

gence of the sediment transport fluxes. Secondly, we developed a new coupled model that

allows to compute the evolution of morphologic patterns around buildings. This chapter

answers the research questions formulated in Section ??, using the studies that have been

conducted in Chapters 2-4. Furthermore, the recommendations on future research possi-

bilities are presented.

6.1. RESEARCH CONCLUSIONS

Q1 How do building dimensions (i.e. length, width, and height) influence the airflow and

initial aeolian erosion-deposition patterns around an isolated building at the beach?

Our findings in Chapter 2 showed that the near-bed airflow patterns and the aeolian sedi-

ment transport both depend least on the length of the building parallel to the incident wind

direction, while they depend most on the building width perpendicular to the wind direc-

tion and the building height. The length of the separation bubble just behind the building

slightly decreases with increasing building length. The width of the building considerably

influences the near-bed wind field in the vicinity of the building. The wider the building,

the larger areas both upwind and downwind of the building were influenced due to the

presence of the building. The height of the building also affects the near-bed wind field, but

not as much as the building width. The taller building creates the longer pair of vortices,

thereby also a larger separation bubble just behind the building.

The convergence of the third-order horizontal near-bed wind velocity field was used as a

proxy for sediment transport. Results showed strong erosion around the windward corners

of the building. The upwind deposition form at some distance in front of the windward face

of the building. Furthermore, two downwind deposition tails develop around the building

to somewhat downstream. We found that these deposition tails develop at a slightly slower

rate for a longer building. As the building becomes wider, the upwind deposition increases

in spatial extent and the downwind deposition tails slightly increase in length and width.
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The growth rate of the upwind and downwind depositions slightly decreases with increas-

ing building width. In addition, small deposition forms in the lee of the wide building. For

taller buildings, the spatial size of the scour around the upwind corners increases. Further-

more, the taller the building, the slower deposition rate upwind of the building, while the

downwind deposition increases.

Q2 How do wind direction and gap size between adjacent buildings affect the airflow,

duneward sediment transport and the initial aeolian morphologic patterns around a row

of buildings at the beach?

Chapter 3 showed that the gap ratio, g∗ (the ratio of the gap width to the centre-to-centre

distance between buildings), and the wind incidence angle, θw , are key factors determin-

ing the wind-driven bed shear stress and the sediment transport patterns around buildings.

Buildings placed very close to each other, g∗ = 0.09, effectively form a single wide build-

ing for the wind. The wind flows through the gaps are negligible thus no depositions form

in the lee of the gaps. Instead, the buildings mainly block sediments at small distance up-

wind their windward faces or send sediments to the outer buildings in the row, creating two

deposition tails around the entire row of the beach buildings. For larger gap sizes, up to

g∗ = 0.50, the airflow is accelerated through the gaps due to funneling effect, and it deceler-

ates as expands downstream of the buildings. This induces formation of sand depositions

in the lee of the gaps. For buildings placed further apart, g∗ ≥ 0.67, the funneling effect

is less prominent and the airflow and sediment transport patterns are almost independent

from neighboring buildings. Therefore, the sand depositions no longer develop behind the

gaps, while deposition tails wrap around each building to somewhat downstream. Further-

more, upwind deposition peaks become separated in front of the buildings, and the outer

deposition tails become shorter and almost the same size as the inner depositions.

The wind direction relative to the row of beach buildings determines the size and the loca-

tion of the circulation regions in the vicinity of buildings. In case of vortices forming in the

gap between buildings, the wind enters a narrow space through the gap as it is bounded by

the outer edge of the vortices. Therefore, the funneling effect occurs creating sand deposi-

tions in the lee of the gaps.

Buildings at the beach could both limit or enhance the sediment transport to the dunes. It

was found that, the average sediment transport flux reaching far downstream of the build-

ings is highest when θw = 20◦.

Q3 What are the impacts of buildings pole height on airflow, duneward sediment trans-

port and both the initial and further developed aeolian morphologic patterns?

In Chapter 4, we studied the influence of elevated buildings with poles on airflow and sed-
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iment transport. As buildings are placed on poles, the approaching wind flows not only

around and over the top of the building, but also below buildings. The wind entering the

gap underneath the buildings is accelerated due to the funneling effect. The flow speed-up

is slightly higher as it passes the gap between the poles, due to additional flow compression.

Upon leaving the gap, the wind speed decreases considerably, causing sediment deposition

just behind the buildings. For buildings placed directly on the beach surface, small recircu-

lation regions with a pair of counter-rotating vortices occur in the lee of each building.

Elevated buildings on poles modify substantially the wind-induced bed shear stress (see

Figure 4.9). The area of reduced bed shear stress in front of the elevated buildings slightly

grows in spatial extent compared to the buildings placed directly on the bed. Conversely,

the bed shear stress immediately upwind of the buildings increases as buildings are placed

on poles. In addition to the high bed shear stress through the gaps between neighboring

buildings, strongly elevated bed shear stress is formed below the buildings and just behind

the buildings. Furthermore, the increased bed shear stress through the gaps between build-

ings continues far longer behind the gaps. The lowest bed shear stress values for build-

ings placed on the bed surface form immediately behind the buildings. However it is being

pushed further downstream for elevated buildings.

Our study on duneward sediment supply for a wide range of tested pole heights showed that

not all the pole heights enhance sediment transport to the dunes. When looking at just be-

hind the row of buildings, those with pole height ratio, ph/w (the ratio of the pole height to

building width), up to 0.3 have minor influence on the duneward sediment transport. The

pole height ratios between 0.3 to 1.0 show notably increased changes in duneward trans-

port, the changes become milder for taller poles. Further downstream of the buildings, the

net duneward sediment transport fluxes decrease and even show negative impacts on sedi-

ment supply to the dunes for some of the pole heights. The buildings on taller pole heights

always provide higher sediment transport fluxes to the dunes, except for far downstream

of the buildings where the flow is being recovered as it joins the undisturbed flow down-

stream of the buildings. This downstream location shows higher transports for shorter pole

heights.

6.1.1. REFLECTION ON THE MAIN RESEARCH GOAL

T HE main goal of this research was to understand the influence of buildings on airflow

patterns and wind-driven morphologic bedforms around buildings at the beach envi-

ronment. Numerical models were developed to study the airflow patterns, sediment trans-
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port and associated erosion-deposition patterns around buildings. It revealed that beach

buildings depending on their characteristics (dimensions and pole height), positioning (rel-

ative to each other) and the orientation (with respect to the dominant wind direction) de-

termine the airflow structures and aeolian bedforms. In addition, our findings showed that

buildings could largely affect the sand supply from the beach to the area downwind of the

row of buildings. Hence, buildings might enhance the dune growth by steering more sedi-

ments to the dunes, or conversely slow down the process by trapping sediments in their up-

wind. In case of multiple buildings close to each other, distinct airflow patterns were found

in the lee of buildings. We derived that there is a critical gap width that beyond which the

airflow and sediment transport patterns develop independently from neighboring build-

ings. Through the influence of wind direction on flow structures around buildings, the wind

direction changes the location, size and orientation of the recirculation vortices that form

adjacent to buildings. We found that relations exist between the characteristics of these vor-

tices and the sediment transport patterns (i.e. length and width of downwind deposition)

around buildings.

6.2. RECOMMENDATIONS

6.2.1. MODELLING A ROW OF BUILDINGS IN FRONT OF THE DUNES

IN this thesis, we studied the influence of buildings characteristics and positioning on

airflow and sediment transport patterns in their surrounding when they are placed close

to each other and on the open beach surface. However in the actual beach, buildings are

often placed at small distance in front of the dunes foot.

In Section 5.3.1, the OpenFOAM model was used to examine the airflow patterns when

buildings are placed in front of dunes. The dune model was then further developed by

Jonkheer (2022) to study the airflow and sediment transport over dunes alone with different

slope angles and wind directions. We did not consider the sediment transport around the

buildings and over the dunes in a combined beach-dune system yet. Placing buildings in

front of the dunes notably changes the flow structures hence the sediment transport, espe-

cially in the area bounded by the row of buildings and the dunes foot. Therefore, studying

the buildings in front of the dune systems increases insights on understanding the sediment

transport in real beach cases.
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6.2.2. INFLUENCE OF THE DISTANCE BETWEEN BUILDINGS ROW AND THE DUNES

FOOT

T O provide initial insights on duneward sediment transport, we computed average sed-

iment transport fluxes passing multiple lines at different locations downstream of the

buildings row. The locations of these lines were chosen as indications for the dune foot

positions in the lee of the buildings. However, the results presented in this thesis only in-

clude the implications for the building-induced effects on duneward transport. The more

complicated airflow structures, hence the more complicated sediment transport patterns

occur in the space between the lee face of the buildings and the dune foot compared to

when buildings are placed in an open beach. Therefore, the examination of the influence of

the distance between the buildings row and the dunes foot on sediment transport provides

interesting insights into coastal management.

6.2.3. WIND DIRECTION WITH RESPECT TO THE INDIVIDUAL BUILDINGS

IN Chapter 3, we quantified the impact of varying wind direction relative to the row of

buildings close to each other, when the longer face of the buildings is parallel to the

cross-shore direction. However, buildings are sometimes placed at the beach in a manner

that individual building rotates relative to the cross-shore direction. Understanding the in-

fluence of individual building orientation at the beach on bed topography around buildings

and potential duneward sediment transport could be an interesting topic for future studies

(Stevers, 2021; Hobeika, 2021).

6.2.4. INFLUENCE OF COUPLING INTERVAL BETWEEN OPENFOAM AND AEO-

LIS

T HE new coupled model was developed to predict fully-developed morphologic patterns

around buildings. The coupled model computes the detailed bed shear stress distribu-

tion using OpenFOAM model every∆T seconds of estimating bed topography in AeoLiS. In

our initial simulations with the coupled model, we updated the bed shear stress every 20

hours of estimating bed level changes. This updating interval still requires additional anal-

ysis. It can be reduced to a very small value, i.e. in the order of seconds or minutes. This

might increase the precision of the bedform predictions, but also substantially increases

the computational costs. On the other hand, the rate of growth in bedform patterns close to

the buildings might not be so much fast to need a more frequent update of bed shear stress.

In addition, the rate of change in bedforms might differ over time. Therefore, further in-

vestigations and sensitivity analysis need to be taken into account to find an optimum time
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interval that satisfies the precision of the simulations, while reducing the computational

costs.

6.2.5. CONSIDERATION OF THE SUPPLY LIMITED FACTORS

T HE building-induced influences on the fully-developed bed morphology around build-

ings were simulated using the coupled OpenFOAM-AeoLiS model. In our simulations,

the impacts of supply-limiting factors such as vegetation, surface moisture, beach slope,

grain size and sorting, beach armouring, sea crusts and shells, non-erodible roughness el-

ements, soluble salts and fetch length at the beach were ignored. However, AeoLiS is capa-

ble of modelling spatiotemporal changes in beach surface properties. By considering these

supply-liming conditions the sediment availability at the beach for aeolian transport might

be limited. Therefore, further research including the influence of supply-limiting factors

provides more realistic predictions of the morphologic patterns around buildings.

6.2.6. SEASONALLY VERSUS PERMANENTLY PLACED BEACH BUILDINGS

V ACATION buildings in actual beaches are often placed seasonally, e.g. during the sum-

mer. The current settings of the coupled OpenFOAM-AeoLiS model are capable of con-

sidering permanent buildings. To consider the implications on seasonally-placed buildings,

further technical improvements in the model are needed to include buildings in tourism

seasons and remove them when looking at morphologic patterns outside of the main tourism

seasons. Furthermore, the coupled model could be further modified to consider the un-

steady wind conditions. Then, the yearly-measured time series of the wind speed and direc-

tion could be implemented in the coupled model including the seasonally placed buildings

at the beach to obtain more realistic evaluations of the duneward sediment supply over a

year. Such a model could become computationally very expensive, if we run the OpenFOAM

model for many different wind conditions. Different approaches might be used to make a

more computationally efficient model. For example, an analytical formulation based on

the results derived from OpenFOAM model can be generated that estimates the bed shear

stress without running the OpenFOAM model.

6.2.7. DEVELOPMENT OF A GAME-BASED MODEL

THE insights obtained from this thesis could be applied in a game-based model that

offers guidance to both the beach buildings owners and the coastal managers. This

guidance could help local owners to place the buildings in front of the dunes in a manner

to minimize the need for sand removal measures, while satisfying the coastal managers by
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minimising the negative influences of the buildings on dunes or even enhancing the dunes

growth hence their flood safety functioning.

The same approach was used by Den Haan et al. (2020) to develop a virtual river game that

enables non-expert stakeholders to collaboratively explore the various river interventions

and fosters the social learning.
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