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A B S T R A C T

Windblown sand flow interacts with a number of surface-mounted human-built obstacles. The wind-sand flow
perturbation and resulting morphodynamic response of the sand bed cannot be assessed in analytical terms.
Therefore, wind-sand tunnel studies around scale physical models are often carried out. They should be driven
by physical similarity theory based on dimensionless numbers referred to the whole multiphase and multiscale
flow. However, similarity requirements cannot be fully satisfied under typical testing conditions and attention
should be paid on the extent of the similarity relaxation. In this study, the background of wind-sand tunnel
testing of surface-mounted obstacles is recalled by reviewing wind tunnel setups and similarity requirements.
Then, a wind-sand tunnel campaign on a Sand Mitigation Measure is described and critically discussed. The
setup dimensionless numbers are compared with statistics on those of past studies. The inescapable relaxation
of similarity requirements is motivated by the test goals. The time evolution towards in-equilibrium conditions
of both sand bed morphodynamics and sand transport is discussed. Finally, the results of engineering interest
are described: the Sand Mitigation Measure sand trapping performance is assessed in dimensionless terms
through the measurements of the incoming and outgoing sand concentration in air.
1. Introduction

Wind engineering is currently experiencing an increasing interest in
windblown sand modelling and mitigation techniques. Windblown sand
hazard affects a number of civil structures and infrastructures in desert
and sandy coastal environments (Middleton and Sternberg, 2013), such
as pipelines (Kerr and Nigra, 1952), industrial facilities (Alghamdi and
Al-Kahtani, 2005), towns (Zhang et al., 2007), single buildings (Rizvi,
1989; Bofah and Al-Hinai, 1986), farms (Wang et al., 2010), roads (Red-
ding and Lord, 1981), and railways (Bruno et al., 2018b). The wind
flow interacts with surface-mounted obstacles of any kind inducing
erosion, transport, and sedimentation of sand around them. This can
induce detrimental effects such as the loss of functionality of the
endangered structure or infrastructure, e.g. by precluding vehicular and
pedestrian traffic, or even danger for users when structural failure is
involved (see e.g. Raffaele and Bruno, 2019).

Within a pure modelling perspective, windblown sand belongs to
the wider class of fluid-driven particulate transport (Lo Giudice et al.,
2019), together with windblown snow. Furthermore, both windblown
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sand and windblown snow may result in the same effects on engi-
neering structures and infrastructures (Tominaga, 2018). As a result,
the modelling approaches are analogous and can include numerical
simulations and full scale or reduced scale physical testing to replicate
the wind flow, sand/snow flux, and the resulting morphodynamic
evolution of the sand/snow bed.

The numerical simulation approach has dramatically increased in
the last decades, particularly as regards windblown snow engineering
applications (Tominaga and Stathopoulos, 2020). The numerical simu-
lation of windblown sand processes is mainly carried out through the
resolution of Eulerian–Lagrangian or fully Eulerian models coupling the
wind flow aerodynamics and aeolian processes, i.e. erosion, transport,
sedimentation, and consequent avalanching determining the morpho-
dynamic evolution of the sand bed (Lo Giudice et al., 2019). Whilst
Eulerian–Lagrangian models are computationally expensive, fully Eule-
rian models suit well to engineering applications which requires the
modelling of large-scale processes (Lo Giudice and Preziosi, 2020).
Numerical simulations allow to save time and cost by cutting the
vailable online 12 May 2021
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number of physical tests. However, they are still at their infancy given
both modelling and numerical issues and shall be always validated on
the basis of physical testing.

In-situ full scale tests are traditionally believed as the most reliable
pproach. They manage to overcome many of the shortcomings of scale
ests. However, they are expensive, time-consuming, and subject to
artially uncontrolled environmental setup conditions. As such, their
pplication can result inconsistent with the time and cost requirements
f the endangered infrastructure owners.
Wind tunnel scale tests including flying sand or other particles around

urface-mounted obstacles were pioneered since the Sixties (Storm
t al., 1962) and extensively undertaken in the following decades (e.g.
syumov, 1971; Iversen, 1980; Rodrigo et al., 2012) as substitutes for
are and relatively recent climatic wind tunnels and real snow (e.g.
elpech et al., 1998; Liu et al., 2018). Wind tunnel tests allow to

eproduce and visualize with higher accuracy and in a more controlled
etup the spatial and temporal evolution of sand bed around specific
eometries. Nevertheless, difficulties remains in the accurate measure-
ent of wind-induced shear stresses at the sand bed and sand flux.
ind tunnel testing is almost entirely carried out at reduced geometric

cale for both economic and practicality reasons (Simiu and Scanlan,
996). This opens the door to physical similarity theory referred to the
hole multiphase and multiscale flow.

Similarity requirements for wind tunnel simulation of erosion, trans-
ort, sedimentation processes of both sand and snow have been first
ntroduced in the scientific reports of Storm et al. (1962) and Odar
1965), and later discussed by Isyumov (1971), Snyder (1972), Kind
1976), Iversen (1980), Anno (1984), and White (1996), amongst oth-
rs. Given their dimensionless nature, similarity requirements hold
egardless the nature of the fluid and the particle. As a result, they can
e applied to different challenging particle transport phenomena, such
s windblown snow (e.g. Zhou et al., 2014), subaqueous bedload (e.g.
ähtz et al., 2021), and even sand transport on Mars (e.g. Greeley et al.,
974). In general, similarity requirements cannot be fully satisfied
nder typical testing conditions due to the multiphase flow and the
ultiscale features of the problem ranging from the sand grain/snow

lake to the obstacle characteristic lengths, and to the wind field scales,
s pointed out in Sherman (2020). As such, the choice of the most ap-
ropriate set of reference scales for scaling (Kwok et al., 1992), and the
nescapable relaxation of some similarity requirements (Isyumov and
ikitiuk, 1990) remain theoretical and technical open and challenging

ssues. While windblown snow drift modelling has continuously benefit
rom similarity theory (see e.g. Zhou et al., 2014), dimensionless sim-
larity parameters have been somewhat overlooked in the majority of
he recent literature on wind-sand tunnel test (see e.g. Luo et al., 2016;

ang et al., 2017, 2018), the recent study carried out by Tominaga
t al. (2018) being a remarkable exception. In his recent inspirational
erspective paper, Sherman (2020) explicitly recognizes and comments
he challenges induced by wind tunnel scaling, even if they are not
ncluded among the six vexations to be addressed in the future of
eolian research. In this study, we aim at complementing Sherman’s list
y a 7th vexation about Wind-Sand Tunnel Tests (WSTTs) similarity.

The state-of-art of WSTTs of surface-mounted obstacles is critically
iscussed by proposing a novel categorization of their setups, and by
istinguishing between setup similarity dimensionless numbers and
esulting dimensionless metrics. Then, the wind tunnel test on a so-
alled Path Sand Mitigation Measure (SMM, interested readers can refer
o Bruno et al., 2018b) is carried out as a case study. The study has
oth theoretical and practical aims: (i) highlighting and discussing the
ractical limitations of WSTTs in complying with similarity require-
ents, (ii) assessing the reaching of in-equilibrium conditions of both

he sand bed morphodynamics and sand transport around the SMM,
iii) confirming the conjectured aerodynamic working principle of the
MM through the analysis of sand bed morphodynamics, (iv) assessing
dimensionless sedimentation coefficient to quantify the SMM sand
2

rapping performance. The inescapable relaxation and mismatching of
similarity requirements are critically discussed in the light of the goals
above.

The paper is organized into four further sections. Section 2 briefly
reviews and critically discuss the most common setups and similarity
requirements for wind-sand tunnel tests of surface-mounted obstacles.
In Section 3, the case study is introduced and the wind tunnel setup is
outlined. Wind tunnel test results are discussed in Section 4. Finally,
conclusions and perspectives are outlined in Section 5.

2. Background on wind-sand tunnel tests

WSTTs allow for the measurement of the sand flux as well as
the morphodynamics of the sand bed around the tested obstacle as a
function of time. In the following, past WSTTs are briefly reviewed
by classifying their setup and by discussing most common similarity
requirements.

2.1. Wind-sand tunnel setups: a new classification

A not necessarily exhaustive survey of WSTTs is discussed in the
following. The survey is based on a total of 65 tests from 17 studies
cited in this paper. The main findings are shown in Fig. 1. Since
the pioneering applications by Iversen et al. (1990) and Hotta and
Horikawa (1991), a growing number of WSTTs has been observed
within the last decade (Fig. 1a) and it is expected to further increase
in the coming years, covering both basic research and applications in
engineering and geomorphology.

In the following, two novel categorizations of WSTTs are proposed,
with respect to scale model types and setup conditions. WSTTs are
carried out around three main types of obstacle (Fig. 1b):

1. non-erodible nominally 2D obstacles mounted on erodible sand
beds, such as Path SMMs (Hotta and Horikawa, 1991; Zhang
et al., 2010; Tsukahara et al., 2012; Xiao et al., 2015; Cheng
et al., 2017; Wang et al., 2017, 2018; Chen et al., 2019), em-
bankments (Zhang et al., 2014) and transverse dunes (Jiang
et al., 2014);

2. non-erodible 3D obstacles mounted on erodible sand beds, such
as cylinders and cubes (Iversen et al., 1990; Mochizuki et al.,
2012; McKenna Neuman and Bédard, 2015; Luo et al., 2016;
Tominaga, 2018);

3. erodible obstacles, such as sand dunes and piles (Faria et al.,
2011; Ferreira and Fino, 2012).

Erodible obstacles or sand bed around them necessarily imply their ini-
tial shaping, not necessarily compliant to the actual erosion–transport–
sedimentation balance. While fundamental studies can be also inter-
ested in the sand morphodynamic under transient non-equilibrium
conditions, engineering applications are mainly interested in the re-
sponse of the structure/infrastructure under (quasi) steady equilibrium
conditions.

Therefore, a further and complementary WSTT categorization is
proposed with respect to setup conditions. On the one hand, boundary
conditions translate into the features of incoming sand flux 𝑞𝑖𝑛. On
the other hand, initial conditions refer to the shape and volume of
the sand bed surface set around the obstacle at the beginning of the
test. The conditions above are expected to give rise to a different
evolution of wind-sand state variables during the test, such as the sand
flux, the shape and the volume of the sand bed around the obstacle.
Fig. 1(c) categorizes the collected tests as a function of the adopted
setup conditions. For the sake of clarity, Fig. 2 sketches each setup
by providing the conjectured expected trend of the volume 𝑉 of the
sand bed around the obstacle. It is worth stressing that the trend is
purely qualitative and 𝑉 and related time intervals are out of scale
for illustrative purposes only. 𝑉 varies during time 𝑡 from its initial
value 𝑉0 up to the equilibrium conditions. Two different equilibrium

conditions are envisaged: equilibrium with concomitant incoming sand
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Fig. 1. Increasing trend of WSTTs in the literature (a), classification of WSTTs according to the nature of the tested obstacle (b) and setup conditions (c).
Fig. 2. WSTTs setups by varying boundary and initial conditions and related conjectured trend of the accumulated sand volume 𝑉 .
transport, 𝑉𝑒𝑞,𝑞 , and without concomitant incoming sand transport, 𝑉𝑒𝑞 .
This is because transported sand subtracts momentum from the wind
speed modifying the aerodynamics of the obstacle and the resulting
morphodynamics, in turn. For each setup, the incoming wind flow
features are supposed to be the same. In particular, the wind shear
velocity 𝑢∗ is necessarily higher than the threshold one 𝑢∗𝑡 in order to
trigger windblown sand transport (Shao, 2008). In the following, each
setup is briefly reviewed by identifying different expected regimes.

• Setup A implies a null sand flux boundary condition and a non-
null sand bed initial condition around the obstacle. Given the
out-of-equilibrium initial condition, 𝑉 modifies from the initial
value 𝑉0 to the in-equilibrium value 𝑉𝑒𝑞 compliant with actual
erosion regions induced around the obstacle, i.e. the regions
where |𝑢∗| > 𝑢∗𝑡, within the transient regime spanning 𝛥𝑡𝐴.
As such, it is expected that 𝑉𝑒𝑞 and the time interval 𝛥𝑡𝐴 both
depend on 𝑉0. Setup A is often adopted in fundamental studies to
investigate the transient sand bed morphodynamics starting from
an horizontal initial conjectured sand level as it reaches the steady
state (see e.g. Iversen et al., 1990; Faria et al., 2011; Ferreira
and Fino, 2012; Mochizuki et al., 2012; Tsukahara et al., 2012;
McKenna Neuman and Bédard, 2015).
3

• Setup B implies a non-null sand flux boundary condition and
a null sand bed initial condition. In particular, it foresees the
adoption of an upper sand feeder as sand supplier. The upper
sand feeder has commonly two purposes. First, it guarantees that
no depletion of sand source occurs during the test, i.e. 𝑉0,𝑠 =
∞. Secondly, it is considered to mimic an infinite long upwind
sand fetch allowing the simulation of a fully developed saltation
layer (Carneiro et al., 2015). The sand progressively accumulates
around the obstacle in the sedimentation regions, i.e. the regions
where |𝑢∗| < 𝑢∗𝑡. The evolution of 𝑉 is expected to slowly tend
to 𝑉𝑒𝑞,𝑞 within the time interval 𝛥𝑡𝐵 . Setup B is the one that
mostly allows to replicate real world conditions by testing the full
progressive burying of the obstacle. However, the time interval
𝛥𝑡𝐵 required to reach equilibrium starting from 𝑉0 = 0 is expected
to be the longest among four setups since it depends solely on 𝑞𝑖𝑛.
As a result, this setup is commonly adopted to investigate sand
transport and sedimentation far from equilibrium (see e.g. Cheng
et al., 2017; Chen et al., 2019).

• Setup C implies a non-null sand flux boundary condition and a
null sand bed initial condition. It implements a uniform sand
fetch upwind the test section as sand source. The sand fetch

should be long enough to allow saltation to fully develop over
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the length of the test section and reach equilibrium. However,
this is impracticable in most wind tunnel tests since the minimum
fetch length is expected to be approximately equal to 20 m (Shao
and Raupach, 1992). From the null initial condition, 𝑉 will tend
to 𝑉𝑒𝑞,𝑞 over the time interval 𝛥𝑡𝐶,1 required to deplete the sand
fetch volume 𝑉0,𝑠. After that, 𝑉 will adjust to 𝑉𝑒𝑞 to comply with
𝑞𝑖𝑛 = 0 within a transient regime spanning 𝛥𝑡𝐶,2. As such, 𝑉𝑒𝑞 as
well as 𝛥𝑡𝐶 = 𝛥𝑡𝐶,1+𝛥𝑡𝐶,2 are expected to depend on both 𝑉0,𝑠 and
𝑞𝑖𝑛. The main drawback of this setup is the finite amount of sand
supply which may not allow to reach 𝑉𝑒𝑞,𝑞 . Setup C is commonly
adopted to investigate sand transport and sedimentation far from
equilibrium in analogy to Setup B (see e.g. Jiang et al., 2014;
Zhang et al., 2014; Xiao et al., 2015; Luo et al., 2016; Wang et al.,
2017, 2018).

• Setup D derives form the combination of Setup A and Setup C. It
implements a sand fetch to induce 𝑞𝑖𝑛 together with a conjectured
initial sand level. As such, it is expected that 𝑉 will tend to 𝑉𝑒𝑞,𝑞
within the time interval 𝛥𝑡𝐷,0, that is lower than 𝛥𝑡𝐵 , following
a trend analogous to the one of Setup A. However, it is worth
stressing that this holds only if 𝛥𝑡𝐷,0 is lower than the time
interval 𝛥𝑡𝐷,1 required to deplete 𝑉0,𝑠. After that, 𝑉 will adjust
to 𝑉𝑒𝑞 to comply with 𝑞𝑖𝑛 = 0 within a transient regime spanning
𝛥𝑡𝐷,2. As a result, 𝛥𝑡𝐷 = 𝛥𝑡𝐷,1 + 𝛥𝑡𝐷,2 > 𝛥𝑡𝐴. Setup D drastically
simplifies the wind tunnel sand feeding system. Furthermore, it
allows to shorten the testing time to investigate sand transport
and morphodynamics for partial and complete covering of the
obstacle. However, in the past literature, Setup D is commonly
adopted with a conjectured sand level corresponding to the hor-
izontal flat sand bed (see e.g. Hotta and Horikawa, 1991; Zhang
et al., 2010; Tominaga, 2018).

The identified transient and quasi-steady regimes are induced by
boundary and initial conditions, respectively. Hence, they are expected
to vary substantially depending on the wind tunnel setup conditions.
It is worth highlighting that the transient regime does not take place
under in-field natural conditions since the conjectured sand level is an
artificial initial condition.

As far as Path SMM are concerned, according to the authors, the
setup choice shall be driven by the aim of the study. Setup A can be
suitable to preliminary identify erosion/sedimentation zones around
the obstacle analogously to wind tunnel sand erosion tests (Blocken
et al., 2016) or RANS CFD simulations (see e.g. Bruno et al., 2018a).
Setup B and C can be suited to assess sand transport and sedimentation
regions around the clean obstacle, i.e. in the early stage of SMM
installation. Finally, Setup D is the most suited for SMM performance
assessment: if recursively carried out, it allows to efficiently investigate
both morphodynamics and sand flux around the SMM under several
conjectured sand levels, so to assess the discrete piece-wise varying
sand trapping performance versus the accumulated sand volume.

2.2. Similarity requirements

The sand bed morphodynamics as well as the windblown sand trans-
port surrounding the tested obstacle depend on several dimensionless
parameters driving the physical similarity between model and proto-
type conditions. In general, they shall be matched both on flat plane
(i.e. uniform sand fetch without any obstacle), and around the surface-
mounted obstacle. Most common similarity requirements are herein
briefly recalled from the literature of windblown sand and windblown
snow branches of wind engineering by classifying them depending on
the retained similarity features, namely geometry and kinematics of the
wind-sand flow features. Then, relaxation criteria are discussed and
setup similarity dimensionless numbers and resulting dimensionless
4

metrics are distinguished.
.2.1. Geometric similarity
Geometric similarity shall be achieved by scaling identically the

urface-mounted obstacle and the sand bed surrounding it. This trans-
ates into the geometric similarity of the ratio between the macroscopic
cale, i.e. the model characteristic length scale 𝐿, and the microscopic

scale, i.e. the sand grain characteristic length scale corresponding to
the mean diameter 𝑑. In formulas:
𝑑
𝐿

= 𝑐𝑜𝑛𝑠𝑡. (1)

The model geometry downscaling influences two key wind tunnel setup
parameters, i.e. the blockage ratio BR and the model aspect ratio AR.
When BR is significant (e.g. BR > 0.05) and/or AR is not preserved,
the flow around the model is no more representative of the prototype
conditions and physical similarity is not valid.

2.2.2. Kinematic similarity
Given the multiphase nature of the flow, kinematic similarity shall

take into account features of both wind flow and carried sand particles.
The similarity of wind flow is traditionally determined by the well-

known Reynolds number Re. The correct simulation of the boundary
layer separation around a surface-mounted obstacle, and the sand
transport in turn, can be taken into account by reproducing the same
aerodynamic regime, which means:
𝑈𝐿
𝜈

= 𝑐𝑜𝑛𝑠𝑡, (2)

where 𝑈 is the characteristic wind speed at the height 𝐿, and 𝜈 is the air
inematic viscosity. However, it is worth stressing that sharp-cornered
luff bodies are insensitive to Re number in the supercritical regime and
e similarity criterion can be relaxed (Simiu and Scanlan, 1996). Some
uthors proposed additional criteria for flat plane conditions based on
he roughness Reynolds number Re∗:
𝑢∗𝑘𝑠
𝜈

= 𝑐𝑜𝑛𝑠𝑡, (3)

where 𝑘𝑠 is the equivalent Nikuradse roughness. When the wind flow
is fully rough (Re∗ > 60 ÷ 90, Blocken et al., 2007), Re∗ number
independence arises and 𝑧0∕𝑘𝑠 is constant. However, during saltation
the absorption of wind momentum by saltating particles is perceived
by the flow above the saltation layer as an increment of the aerody-
namic roughness. This is commonly taken into account through the
so-called apparent roughness length 𝑧0,𝑠 (see e.g. Sherman and Farrell,
2008). Iversen (1981) highlighted the importance of the correct scaling
between 𝑧0,𝑠 and 𝐿 on the basis of the well known Jensen’s model
law (Jensen, 1958):
𝑧0,𝑠
𝐿

= 𝑐𝑜𝑛𝑠𝑡. (4)

The similarity in motion of carried sand particles shall be achieved
by scaling the acting forces during ejection and transport. The particle
ejection similarity is achieved by matching the Shields number (i.e. the
normalized threshold shear stress or threshold densimetric Froude num-
ber, see e.g. Kwok et al., 1992; Zhou et al., 2014), expressing the ratio
of cohesive force to gravity, and the ratio of aerodynamic to cohesive
force (Anno, 1984):

𝜌
𝜌𝑝 − 𝜌

𝑢2∗𝑡
𝑔𝑑

= 𝑐𝑜𝑛𝑠𝑡, (5)

𝑢∗
𝑢∗𝑡

= 𝑐𝑜𝑛𝑠𝑡, (6)

where 𝜌 is the air density and 𝜌𝑝 is the particle density. Some variations
of Eq. (5) and (6) have been proposed by replacing 𝑢∗ by 𝑈 and 𝑑 by

. The similarity of airborne particles is based on two complementary
riteria, i.e. the densimetric Froude number Fr expressing the ratio of
nertial force to gravity, and the ratio of drag to inertial force (Kind,
986):
𝜌𝑝 𝑈2

= 𝑐𝑜𝑛𝑠𝑡, (7)

𝜌𝑝 − 𝜌 𝐿𝑔
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𝜔𝑠
𝑈

= 𝑐𝑜𝑛𝑠𝑡, (8)

where 𝜔𝑠 is the terminal sedimentation velocity of a particle under
equilibrium conditions. On flat plane, the Froude number is usually
assessed by replacing 𝐿 by 𝑑 (Isyumov and Mikitiuk, 1990; Kwok et al.,
1992) or by the height of the wind tunnel test section ℎ𝑤𝑡. The latter
corresponds to the so-called independence Froude number criterion.
According to Owen and Gillette (1985) and White and Mounla (1991),
if ℎ𝑤𝑡 is too small, wind flow blockage will occur. This would give
rise to out of equilibrium saltation alongstream (due to not uniform
𝑢∗) and consequent inaccurate modelling of the saltation trajectories.
According to Owen and Gillette (1985), a wind tunnel should be free
of this detrimental effect if 𝑈2∕ℎ𝑤𝑡𝑔 < 20.

2.2.3. Relaxation criteria
If geometric and kinematic similarity are fulfilled, prototype state

variables can be directly inferred from model state variables and vice
versa. However, it is common knowledge that their full compliance
is impracticable in wind tunnel tests (Iversen, 1980). The great vari-
ety and numerousness of similarity requirements try to enclose any
modelling scale, i.e. from macroscopic (e.g. dunes) to microscopic
(e.g. ripples) features (White, 1996). As such, it is considered reason-
able to relax similarity requirements related to scales which do not
strongly affect the state variables of interest. For instance, similarity
criteria related to microscopic flow features can be relaxed if the aim
of the study is the modelling of sand accumulation drift geometry
around the obstacle (Iversen, 1981). In the wake of this, several authors
suggested that Eq. (1), (5), (7) are deemed not necessary for the
simulation of sand and snow drifts (Kind, 1976; Anno, 1984; Peterka
and Petersen, 1990; Kwok et al., 1992). According to Kind (1976), Fr
scaling can be abandoned if saltation lengths (or heights) are not too
large with respect to the characteristic horizontal (or vertical) length.
Furthermore, Eq. (6) can be relaxed if 𝑢∗∕𝑢∗𝑡 > 1.4 and Eq. (3) does not
represent a strict requirement according to Peterka and Petersen (1990)
and Qiang et al. (2019), respectively.

In the same spirit, the similarity parameters reviewed above are
combined to correlate model and prototype state variables for mod-
elling sand drifts. Iversen (1981) and Delpech et al. (1998) highlighted
the importance of the dimensionless transport rate:

𝜌
𝜌𝑝

𝑈2

𝐿𝑔

(

1 −
𝑈𝑡
𝑈

)

= 𝑐𝑜𝑛𝑠𝑡. (9)

However, it should be stressed that Eq. (9) holds only if 𝛥𝑉 ∕𝐿2𝑈𝛥𝑡 =
𝑐𝑜𝑛𝑠𝑡, being 𝛥𝑡 the characteristic time scale.

2.2.4. Time scale extrapolation
When modelling gross features of the wind-sand flow, such as sand

drifts, the characteristic time scale can be extrapolated even if geomet-
ric and kinematic similarities are not fully met. According to Iversen
(1980) and Anno (1984), a reliable estimation of the time scale 𝛥𝑡 is
based on the conservation of the ratio of the accumulated sand volume
𝛥𝑉 around the tested model to the reference volume 𝐿3. Iversen (1980)
combined Eq. (1), (5), (6), (9) into the so-called dimensionless transport
rate roughness parameter:

(𝛥𝑉
𝐿3

)

[

𝜌
𝜌𝑝

𝑢2∗𝑡
𝐿𝑔

(

𝑈
𝑈𝑡

)2
]3∕7

[

𝜌
𝜌𝑝

𝑈2

𝐿𝑔
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1 −
𝑈𝑡
𝑈

)

𝑈𝛥𝑡
𝐿

]−1
= 𝑐𝑜𝑛𝑠𝑡. (10)

onversely, Anno (1984) proposed a simpler criterion based on the
rapping capacity of the tested obstacle:
𝑄𝑖𝑛𝜂𝛥𝑡
𝜌𝑏𝐿2

= 𝑐𝑜𝑛𝑠𝑡, (11)

here 𝑄𝑖𝑛 is the incoming transport rate on flat plane, 𝜌𝑏 is the particle
ulk density and 𝜂 is the so-called collection coefficient of the obstacle,
o that 𝛥𝑉 = 𝑄𝑖𝑛𝜂𝛥𝑡𝐿∕𝜌𝑏. However, according to the authors, each of
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he above equations shows some deficiencies. On the one hand, Eq. (10)
esults from the empirical fitting to data from model-scale and full-scale
xperiments of the same class of problems. As such, it is conditioned
o a specific dataset. On the other hand, although Eq. (11) results
rom general theoretical assumptions, it requires the a priori non-trivial
stimation of 𝜂.

.2.5. Setup and resulting dimensionless numbers
The reviewed dimensionless numbers are summarized in Table 1

ccording to similarity class, physical modelling aim, equation and
ain source. According to the authors, they can be categorized into

wo main categories, namely setup dimensionless numbers and resulting
imensionless metrics. On the one hand, setup dimensionless numbers
esult from wind tunnel setup parameters that are directly controllable,
.e. 𝐿, 𝑑, 𝑧0, 𝑈 . On the other hand, resulting dimensionless metrics

result from wind-sand flow arising quantities somehow related to setup
parameters, i.e. 𝑘𝑠, 𝑧0,𝑠, 𝑢∗𝑡, 𝜔𝑠. In principle, such resulting metrics can
be estimated through existing semi-empirical laws. However, they are
affected by a number of uncertainties. In particular:

• to the authors’ best knowledge, the sand grain roughness 𝑘𝑠 and
the relation between Re∗ and 𝑧0,𝑠 during saltation are slightly
investigated. According to Kind (1976), the effects of viscosity on
the flow are fairly small if Re∗ > 20 and the sand-grain roughness
during saltation is equal to 𝑘𝑠 = 1∕1.6(𝑢2∗∕2𝑔). However, the above
estimate of 𝑘𝑠 are based on the debated Owen’s hypothesis (see
e.g. Pähtz et al., 2012).

• several laws have been proposed to directly assess 𝑧0,𝑠 on the basis
of 𝑢∗ (e.g. Owen, 1964; Charnock, 1955; Sherman and Farrell,
2008). However, according to Sherman and Farrell (2008), none
of the proposed laws returns proper values of 𝑧0,𝑠. Furthermore,
𝑧0,𝑠 is usually smaller in the wind tunnel than in the field of about
one order of magnitude. Hence, the application of a universally
valid equation seems questionable.

• several laws have been proposed to directly assess 𝑢∗𝑡 (e.g. Bag-
nold, 1941; Shao and Lu, 2000; McKenna Neuman, 2003) and
𝜔𝑠 (e.g. Farrell and Sherman, 2015) as a function of 𝑑. However,
𝑢∗𝑡 and 𝜔𝑠 are affected by a number of uncertainties. The authors
attempted to statistically assess their variability in Raffaele et al.
(2016) and Raffaele et al. (2020).

According to the authors, such shortcomings imply that the above-
mentioned resulting dimensionless metrics are not strictly control-
lable through semi-empirical laws and, when possible, they should
be assessed by direct measurements through preliminary tests aimed
at characterizing the sand flux on flat plane conditions without any
obstacle.

3. Layout of the experimental case study

The experimental case study is carried out on the Path SMM Shield
for Sand (S4S). In the following, the tested Path SMM conceptual design
and aerodynamic working principles are briefly provided. Then, the
wind tunnel setup, scaling criterion, and measurement apparatus are
discussed.

3.1. Tested path SMM

Shield for Sand is a patented, aerodynamically shaped solid bar-
rier (Bruno et al., 2016). Its conceptual design is illustrated in Fig. 3.

S4S cross-section geometry is composed by three elements: (A) a
foundation, (B) a lower quasi-vertical wall, and (C) an upper windward
concave wind deflector (see Fig. 3a). Each component ensures a specific
functional requirement of the SMM. The foundation defies the overturn-
ing moment induced by the lateral wind load and the upwind trapped
sand passive pressure. The lower wall allows an easy sand removal

maintenance by means of sand removal machines, e.g. sand ploughs or



Journal of Wind Engineering & Industrial Aerodynamics 214 (2021) 104653L. Raffaele et al.
Table 1
Similarity dimensionless numbers for WSTTs.
Similarity class Physical modelling Similarity requirement Equation Source

Geometric Wind flow
Length scale ratio (1) White (1996)
Blockage ratio – Simiu and Scanlan (1996)Aspect ratio –

Kinematic

Wind flow
Reynolds number (2) White (1996)
Roughness Reynolds number (3) Kind (1976)
Apparent roughness length (4) Iversen (1981)

Particle ejection Shields number (5) Iversen (1981)
effective shear velocity (6) Anno (1984)

Particle transport Froude number (7) Kind (1986)drag–inertia ratio (8)

– Sand drift
Transport rate (9) Iversen (1981)
Transport rate roughness (10) Iversen (1980)
Trapped volume (11) Anno (1984)
Fig. 3. Shield for Sand conceptual design (a) and aerodynamic working principle (b).
Reprinted from Horvat et al. (2020) with permission from Elsevier.

sand blowers. The upper deflector ensures the S4S aerodynamic work-
ing principle: it induces an upwind recirculation vortex that promotes
the local downward deflection of the wind flow and reverses the flow
close to the ground, decreasing 𝑢∗. As a result, sand sedimentation
occurs upwind the barrier where |𝑢∗| < 𝑢∗𝑡 preventing most of the sand
from reaching the protected infrastructure downwind (Bruno et al.,
2018a) . In light of this, the upwind recirculation region is defined as
sand trapping vortex (see Fig. 3b).

3.2. Wind tunnel facility

The wind tunnel test is carried out in the wind tunnel L-1B of von
Karman Institute for Fluid Dynamics. The facility is a closed-circuit
wind tunnel with a test section length of about 20 m, and a cross-section
of height ℎ𝑤𝑡 = 2 m and width 𝑤𝑤𝑡 = 3 m. The tested model of height
ℎ has been installed at the distance 𝑎 = 53.3ℎ from the inlet of the
test section while the sand fetch spans 𝑐 = 9.7ℎ just upwind the tested
model (see Fig. 4a).

A low-roughness boundary layer is set in order to simulate open
terrain conditions, typical for sand deserts, by placing a monoplane grid
with a mesh size of 0.02×0.02 m and a 0.15 m high fence at the inlet of
the test section with no roughness elements. The reference wind veloc-
ity 𝑈 is measured at the inlet of the test section via Prandtl pitot tube.
Some exploratory tests have been performed with empty wind tunnel
test section and uniform sand layer to detect saltating grains via Particle
Tracking Velocimetry (PTV) technique and ascertain the steadiness of
the saltation layer. 𝑈 is set in order to induce a steady, fully developed
saltation layer. The corresponding mean velocity profile 𝑢(𝑧) and mean
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turbulence intensity 𝐼𝑢 at the distance 𝑎 from the inlet without sand
fetch is then measured via Particle Image Velocimetry (PIV) technique
adopting a smoke generator to seed the flow with oil particles ranging
from 1e-3 mm to 5e-3 mm. Fig. 4(b) shows the reproduced mean wind
speed profile. The measurements are fitted with the log-law 𝑢(𝑧) =
𝑢∗∕𝑘 ⋅ ln(𝑧∕𝑧0). The corresponding profile of the streamwise turbulence
intensity 𝐼𝑢 is shown in Fig. 4(c). The measurements are fitted with
𝐼𝑢(𝑧) = (𝑐𝑡 ⋅ ln(𝑧∕𝑧0))−1, so that 𝑐𝑡 = 0.66 (EN 1991-1-4, 1991).

Key wind tunnel facility setup parameters are summarized in
Table 2 for the sake of clarity.

3.3. Wind-sand setup

The scale model of S4S is subdivided into three spanwise com-
ponents: one short central transparent section, and two side non-
transparent sections (see Fig. 5a). The central transparent section is
fixed to the side sections and allows measurements below the concave
deflector. The side sections are made of wood and aluminium to
withstand the wind-induced pressure. Their purpose is to increase the
model aspect ratio to reduce the edge effect caused by the interaction
between the sand trapping vortex induced by S4S and the boundary
layers on the side walls of the wind tunnel. The resulting model aspect
ratio is equal to 𝐴𝑅 = 𝑠∕ℎ = 6.23. Two end plates are placed next to
the lateral free-ends of the barrier to reduce end-tip aerodynamic effects
and confine the upwind sand fetch.

The wind-sand tunnel Setup D is implemented (see Section 2.1). Six
tests have been performed by setting up different initial conditions of
accumulated sand in order to simulate the progressive filling of the
barrier (see Fig. 5b): from level 𝑙0 (i.e. no sand accumulated) to level 𝑙5
(i.e. maximum simulated level of accumulated sand). Each level is set
with an upwind slope angle 𝛼𝑢 close to the natural one (e.g. Lancaster,
1995). A uniform sand fetch is spread upwind the barrier before each
test as sand supplier. As a result, each test run is stopped as soon as an
eroded sand patch is identified on the upwind fetch at 𝑡 = 𝑇 . This is to
avoid unintended variations on the incoming sand flux due to the lack
of erodible sand. The test on each sand accumulation level is performed
twice to ascertain its repeatability.

The tested sand granulometry distribution is plotted in Fig. 6
through its cumulative distribution 𝐹 (𝑑). The threshold shear velocity
is estimated for flat plane conditions without the S4S model installed.
Wind speed is gradually incremented until erosion is detected, i.e. 𝑢∗ =
𝑢∗𝑡, and the wind velocity profile is acquired via PIV technique. The
measured value of the threshold shear velocity is low if compared with
other wind tunnel measurements (see e.g. Raffaele et al., 2016). The
authors conjecture that the obtained value can be the result of the very
broad distributed sand granulometry and the presence of interspersed
finer particles among coarser ones, reflected by the positively skewed
distribution.

Key wind-sand setup parameters are summarized in Table 2 for the
sake of clarity.
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Fig. 4. Plan view of the L-1B wind tunnel (a), reproduced mean wind speed profile (b) and turbulence intensity profile (c).
Fig. 5. Wind tunnel test setup (a) and scheme of the measuring cross-section for increasing initial sand accumulation levels (b).
Table 2
WSTT setup parameters.

Setup parameter Value

Wind tunnel facility

Test section Height ℎ𝑤𝑡 = 2 m
Width 𝑤𝑤𝑡 = 3 m

Boundary layer

Reference wind speed 𝑈 = 8.5 m∕s
Shear velocity 𝑢∗ = 0.3 m∕s
Aerodynamic roughness 𝑧0 = 3.5𝑒 − 6 m
Turbulence intensity 𝐼𝑢(ℎ) = 0.15

Wind-sand setup

Model
Height ℎ = 0.3 m
Span 𝑠 = 1.87 m
Scale ratio 1:10

Sand fetch Length 𝑐 = 2.9 m
Thickness 𝑙0 = 0.01 m

Initial conditions
Upwind slope angle 𝛼𝑢 = 15◦

Sand level heights 𝑙1,…,5∕ℎ = {0.31,0.47,0.63,0.78,0.91}
Test duration 𝑇 = 850 − 1575 s

Sand characteristics Mean diameter 𝑑 = 3.4𝑒 − 4 m
Threshold shear velocity 𝑢∗𝑡 = 0.15 ± 0.02 m∕s
3.4. Similarity requirements

The wind tunnel test is designed by referring to in-field prototype
typical sand deserts conditions. The following prototype features of the
geometry and wind flow are considered: an open-field roughness length
𝑧0 = 4e-3 m; a mean threshold shear velocity 𝑢∗𝑡 = 0.29 m∕s correspond-
ing to the common mean grain diameter 𝑑 = 0.25 mm (Raffaele et al.,
2016); a wind shear velocity higher than the threshold and equal to
𝑢∗ = 1.5𝑢∗𝑡; a characteristic height equal to ℎ = 3 m.

In the present study, similarity requirements relaxation is driven by
the specific test goals. On the one hand, the simulation of sand drifts
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upwind the barrier presumes that similarity criteria related to large-
scale features of the wind-sand flow shall be retained. On the other
hand, the correct reproduction of the barrier’s performance is assumed
to be also sensitive to the small-scale features of the windblown sand
flow, such as the scaling of the particles trajectory, herein expressed by
the ratio between the saltation layer height 𝛿𝑠 and the barrier height ℎ.
In fact, given the correct scaling of the wind flow around the barrier,
the incoming sand flux shall be geometrically scaled in analogy to the
incoming wind speed profile by retaining the resulting dimensionless
metric 𝛿 ∕ℎ = 𝑐𝑜𝑛𝑠𝑡.
𝑠
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Fig. 6. Cumulative distribution of sand granulometry.

The scaling of 𝛿𝑠 is still object of study in the literature. Pioneering
studies suggest 𝛿𝑠 scales with 𝑢∗ (Zingg, 1953; Owen, 1964). However,
according to the more recent studies 𝛿𝑠 is expected do be slightly
sensitive or fully insensitive to wind speed (Kok et al., 2012; Ho et al.,
2014), to be much larger in the field rather than in wind tunnel tests
and to be related to the median sand particle diameter (Martin and
Kok, 2017). As such, the saltation layer height is hardly controllable
in the wind tunnel. Under typical in-field conditions, it is expected
𝛿𝑠∕ℎ ≈ 0.05, by considering a typical in-field saltation height equal
to 𝛿𝑠 = 0.15 m. As a result, the minimization of the discrepancy of
the resulting dimensionless metric 𝛿𝑠∕ℎ between model and prototype
leaves no choice than play on the height of the model. Nonetheless,
the model ℎ should fulfil other similarity requirements, namely the
setup dimensionless numbers 𝑑∕𝐿, Re, and Fr, governing the similarity
of geometry, wind flow and particle trajectory, always by taking into
account BR and AR.

In Fig. 7, the model similarity dimensionless parameters from the
present case study and past wind tunnel studies (see Section 2.1) are
compared by referring to the same abovementioned prototype condi-
tions. This is because in-field prototype conditions are seldom reported
in the literature. In Fig. 7(a), the generic model setup dimensionless
numbers 𝜙𝑚 are normalized with respect to the corresponding pro-
totype dimensionless numbers 𝜙𝑝. The generic normalized similarity
parameter is defined as 𝜙∗ = 𝜙𝑚∕𝜙𝑝. Similarly, Fig. 7(b) plots the
dispersion of BR and AR. In particular, AR is plotted only for nomi-
nally two-dimensional obstacles. The dispersion of 𝜙∗, BR and AR is
synthetically represented by means of box plots. Fig. 7(c, d) shows
the cardinality # of the wind tunnel tests taken into account in the
estimation of each box plot. The discrepancies in cardinality are due to
the omission of specific experimental setup parameters in some studies.

On the one hand, the closer 𝜙∗ is to 1, the closer the matching
between model and prototype conditions is. On the other hand, low
values of BR are recommended in general and high values of AR are
preferable for Path SMM in order to limit and circumscribe end-tips
aerodynamic effects, given their nominal 2D geometry. The collected
setup dimensionless numbers allow to draw some general comments in
a design perspective.

• Geometric similarity is impossible to be matched in wind-sand
tunnel experiments (White, 1996). Indeed, the resulting down-
scaling of the particle diameter would require the adoption of
dust particles. As such, this would give rise to strong interparticle
forces, not physically sound for sand (see e.g. Raffaele et al.,
2016). As a result, 𝑢∗𝑡 and 𝛿𝑠 cannot be scaled with respect to
the corresponding prototype values since they directly result from
𝑑. In turn, 𝑢∗ cannot be scaled since it must be larger than 𝑢∗𝑡
to trigger saltation. Past wind tunnel studies confirm that 𝑑∕𝐿 is
inescapably overestimated on average by a factor 5e+1.
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Table 3
Dimensionless numbers of wind tunnel setup.

Similarity class Similarity requirement Expression 𝜙∗ 𝜙𝑚

Geometric
Length scale ratio 𝑑∕ℎ 15.84 1.32e−3
Blockage ratio 𝑠ℎ∕𝑤𝑤𝑡ℎ𝑤𝑡 – 0.09
Aspect ratio 𝑠∕ℎ – 6.23

Kinematic

Reynolds number ℎ𝑈∕𝜈 0.12 1.73e+5
Shields number (𝜌∕𝜌𝑝 − 𝜌)(𝑢2∗𝑡∕𝑔𝑑) 0.41 2.7e−3
Effective shear velocity 𝑢∗∕𝑢∗𝑡 1.34 2.01
Froude number 𝑈 2∕ℎ𝑔 14.43 25
Wind tunnel Froude number 𝑈 2∕ℎ𝑤𝑡𝑔 – 3

• Froude number overestimation is inevitable since 𝑈 in model
and prototype conditions is of the same order of magnitude. On
the other side, Re underestimation is intrinsically bound to Fr
overestimation due to the sharp conflict between Reynolds and
Froude scaling. Past wind tunnel studies confirm that Fr number
is inescapably overestimated on average by a factor 6e+1 while
Re number is underestimated by a factor 3e-2.

• The proposed wind tunnel test setup results in 𝜙∗ values much
closer to the unity than the vast majority of past studies. This
is made possible by the large wind tunnel cross-section, which is
the largest one adopted in WSTTs, to the authors’ best knowledge.
This allows to increase ℎ by complying with BR and AR. However,
the need of minimizing 𝛿𝑠∕ℎ leads a relatively high blockage ratio
approximately equal to the third quartile, and to an aspect ratio
lower than the median and about equal to the first quartile.

Overall, the collected setup dimensionless numbers highlight that a
perfect matching of similarity requirements remains impracticable in
conventional wind tunnel facilities. For the sake of completion, the
case study dimensionless numbers are summarized in Table 3 through
the similarity parameter 𝜙∗ = 𝜙𝑚∕𝜙𝑝 and the model dimensionless
parameter 𝜙𝑚.

3.5. Measurement apparatus

The installed measuring equipment allows for the detection of
the morphodynamic evolution of the sand bed accumulated upwind
the barrier, the incoming instantaneous sand particles concentration
𝜑𝑖𝑛(𝑧, 𝑡) and velocity 𝑣𝑖𝑛(𝑧, 𝑡) over the flat sand bed, and the instanta-
neous outgoing sand concentration 𝜑𝑜𝑢𝑡(𝑧, 𝑡) that overcomes the top of
the barrier. The instantaneous outgoing particles velocity is impractica-
ble to be assessed via standard non-time-resolved PTV due to the high
intermittency of saltating particles over the barrier. As such, it is not
evaluated in the present study. Each measurement is taken along the
test section centreline and in correspondence of the measuring model
section so that end-tip aerodynamic effects and influence of boundary
layer developed on the lateral sides of the wind tunnel are minimized. A
200 mJ Nd:YAG laser source pulsating at 2 Hz is located on the ceiling
of the testing chamber. A 3 mm width laser sheet is generated along
the test section centreline and perpendicular to the floor. Two CMOS
cameras with resolution 2360 × 1776 pixels are located outside the
wind tunnel. Their Field of View (FoV) are sketched in Fig. 8(a). The
velocity and concentration fields of incoming sand particles without
the barrier installed as well as the morphodynamic evolution of the
sand bed upwind the barrier highlighted by the pulsed-laser sheet are
captured through a 24 mm objective ensuring a 85 × 60 cm Field
of View (FoV #1, Fig. 8b). The same camera is used to measure the
incoming wind speed via PIV. The concentration fields of outgoing sand
particles are captured through a 35 mm objective ensuring a 50 × 50
cm Field of View (FoV #2, Fig. 8c).
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Fig. 7. Setup dimensionless numbers: similarity dimensionless numbers (geometry, Reynolds and Froude) normalized to prototype conditions (a), model blockage ratio BR and
aspect ratio AR (b) and corresponding cardinality # of examined studies (c,d).
Fig. 8. Field of Views (FoVs) for PIV and PTV measurements: reference scheme (a), FoV #1 (b), and FoV #2 (c).
4. Results

In the following, the time convergence of wind-sand state variables
is assessed through a preliminary analysis, then sand bed morphody-
namics and sand transport around the barrier is discussed. Finally, the
sand trapping performance is evaluated. It is worth stressing that the
results discussed below refer to the similarity dimensionless numbers
provided in Section 3.4 and cannot be a-priori generalized to other
values of setup parameters.

4.1. Preliminary analysis

The time evolution of sand bed morphodynamics and sand concen-
tration volume fraction 𝜑 are preliminarily analysed in order to assess
the reaching of in-equilibrium conditions. By way of example, Fig. 9
shows the time evolution of the sand bed together with the simultane-
ous outgoing bulk concentration 𝛷𝑜𝑢𝑡(𝑡) = ∫ ∞

ℎ 𝜑𝑜𝑢𝑡(𝑧, 𝑡) 𝑑𝑧 normalized
to the mean outgoing bulk concentration 𝜇(𝛷𝑜𝑢𝑡) = 1∕𝑇 ∫ 𝑇

0 ∫ ∞
ℎ 𝜑𝑜𝑢𝑡(𝑧, 𝑡)

𝑑𝑧 𝑑𝑡 related to the sand level 𝑙1, being 𝑇 the test duration. Fig. 9(a)
plots the normalized elevation of the sand bed 𝑧∕ℎ with a sampling
interval 𝛥𝑡 = 5e+1 s, while Fig. 9(b) plots the normalized ratio
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𝑗

𝛷𝑜𝑢𝑡∕𝜇(𝛷𝑜𝑢𝑡) with a sampling interval 𝛥𝑡𝑘 = 5e-1 s. Such features are
plotted as a function of the time 𝑡 and the dimensionless time 𝑡∗ = 𝑡𝑈∕ℎ.

While the sand bed morphodynamics clearly reflects the transient
regime and the progressive evolution towards in-equilibrium condi-
tions, the wide fluctuations and intermittency of 𝛷𝑜𝑢𝑡 hide the general
trend of the sand concentration over the top of the barrier. In order
to quantitatively assessed if quasi-steady regime is reached from the
initial conjectured sand levels, the convergence of the (i) sand bed
morphodynamics and (ii) outgoing bulk concentration are ascertained.

As far as sand bed morphodynamics is concerned, its convergence
can be assessed by quantifying the variation of the shape of the accu-
mulated sand bed. Herein, the shape variation is estimated through the
least root mean square deviation LRMS𝑧(𝑡∗, 𝑡∗ − 𝛥𝑡∗𝑗 ) between consecu-
tive sampled sand bed surface elevations. In particular, the deviation
between two consecutive profiles is minimized by means of rigid trans-
lations to retain shape deviations only (Kabsch, 1976). The LRMS
deviation is then normalized with respect to the deviation range from
the initial elevation of the sand bed 𝑧𝑠,0, so that 𝛤LRMS = LRMS𝑧(𝑡∗, 𝑡∗ −
𝛥𝑡∗𝑗 )∕[(𝑧(𝑡

∗)−𝑧𝑠,0)𝑚𝑎𝑥−(𝑧(𝑡∗)−𝑧𝑠,0)𝑚𝑖𝑛]. 𝛤LRMS is plotted in Fig. 10 versus
𝑡 and 𝑡∗ for each sand level and test run.

The decreasing trend of 𝛤LRMS reaches ∼ 1e-2 at about 𝑡∗ ∈
[2.5e+4,3.5e+4] for each sand level and test run. This testifies that
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Fig. 9. Sand bed morphodynamic evolution (a) and outgoing bulk concentration (b) for sand level 𝑙1.
Fig. 10. Convergence of sand bed morphodynamics around the barrier through the evaluation of the normalized least root mean square deviation of the sand bed profile 𝛤LRMS
for each conjectured initial sand level and wind tunnel test run.
the transient regime in morphodynamics is expired and in-equilibrium
conditions are essentially reached within the testing time. Overall, the
obtained results demonstrate the converging time varies slightly on the
conjectured initial sand level. Remarkably, the two runs show the same
convergence trend for low to medium initial sand levels (from 𝑙0 to 𝑙3).
Conversely, the repeatability of the test decreases as the initial sand
level increases (see 𝑙4 and 𝑙5). Indeed, as the sand level increases from
𝑙0 to 𝑙5, a progressive increment of fluctuations can be noticed: from
almost nil fluctuations for 𝑙0, to heavy fluctuations for 𝑙5. According to
the authors, this is can be due to the technical difficulty experienced
in reproducing the same conjectured sand level in both runs, especially
for high levels.

As far as the outgoing sand concentration is concerned, the conver-
gence is visually checked by means of the weighted residual �̄�𝑟𝑒𝑠 of the
mean value �̄� = 𝜇(𝛷). The weighted residual is defined for growing
𝑡∗ as �̄�𝑟𝑒𝑠(𝑡∗) = |

|

|

�̄�(𝑡∗) − �̄�(𝑡∗ − 𝛥𝑡∗𝑘)
|

|

|

∕�̄�(𝑡∗). The obtained results are
plotted in Fig. 11 for each accumulated sand level and test run, together
with the trend of residual of the mean incoming bulk concentration 𝛷𝑖𝑛
for reference purpose.
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For a fixed sand accumulation level, the two test runs show the
same trend of the weighted residual. This overall confirms the overall
repeatability of the test and the trustworthiness of the obtained results.
𝛷𝑖𝑛 reaches �̄�𝑟𝑒𝑠 = 1e-3 in a short time interval, i.e. 𝑡∗ ≈ 3e+3. This is a
low deviation if compared with common engineering applications. On
the other hand, 𝛷𝑜𝑢𝑡 reaches the same residual at the end of the tests
at about 𝑡∗ ≈ 4e+4. This result is in agreement with the convergence
of bed morphodynamics and confirms that in-equilibrium conditions
are reached for each sand level and test run. It is worth stressing that,
despite the residuals of 𝛷𝑖𝑛 and 𝛷𝑜𝑢𝑡 differ, the rate of convergence is
always ∼ 1∕𝑡∗.

4.2. Bed morphodynamics and sand transport

In the following, only measurements from run 1 are retained for
the sake of brevity, given the demonstrated overall repeatability of ob-
tained results. The sand accumulation profiles are plotted in Fig. 12(a)
for 𝑡 = 0 and 𝑡 = 𝑇 . It is worth stressing that sand profiles at 𝑡 = 𝑇 have
been measured only within the FoV #1, i.e. for −1.33 < 𝑥∕𝐻 < 0, while
they are geometrically extrapolated for 𝑥∕𝐻 < −1.33.
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Fig. 11. Convergence of the mean bulk concentration �̄� through the weighted residual �̄�𝑟𝑒𝑠 for each conjectured initial sand level and wind tunnel test run.
Fig. 12. Profiles of accumulated sand upwind the barrier at beginning and end of each test (a), incoming (b) and outgoing (c) mean sand concentration profiles for each sand
level.
The sand profiles reflect the morphodynamics that takes place up-
wind the barrier and qualitatively confirm the working principles of
S4S (Bruno et al., 2018a). On the one hand, the upwind sand trapping
vortex induced by the barrier promotes backward sand erosion near
the barrier. On the other hand, the barrier induces the lowering of
the wind speed promoting sand sedimentation just upwind the eroded
zones. The intersection between initial and final profiles splits backward
erosion zones and sedimentation zones. The corresponding backward
erosion lengths 𝐿 , i.e. the horizontal length for which 𝑢 < −𝑢 ,
11

𝑏𝑒 ∗ ∗𝑡
are indicated in the figure. The right boundary of the sedimentation
lengths 𝐿𝑠, i.e. the horizontal length for which 𝑢∗ < |𝑢∗𝑡|, are indicate
as well within the FoV #1 for the sake of completeness. Inevitably,
the upwind recirculation vortex shrinks as the sand accumulation level
increases. As a result, 𝐿𝑏𝑒 gets necessarily shorter with increasing sand
level. In particular, 𝐿𝑏𝑒 ≈ 0 for 𝑙5. Nevertheless, sedimentation still
holds upwind the barrier. This testifies the effectiveness of the barrier
also for high levels of accumulated sand. It is worth highlighting that
the acquired sand bed profiles depends on both 𝐿 and 𝐿 , which
𝑠 𝑏𝑒
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Fig. 13. Incoming mean sand flux profile (a), mean value (b) and coefficient of variation (c) of incoming and outgoing concentration profiles plotted versus the normalized
elevation (𝑧 − 𝑧𝑠)∕ℎ for each conjectured initial sand level.
epend in turn on the local value of the shear velocity. In particular,
or fixed 𝑧0, 𝐿𝑠 is expected to elongate upwind with increasing 𝑈 ,
s demonstrated in Bruno et al. (2018a) in the case of nil volume of
edimented sand upwind the barrier. Accordingly, 𝐿𝑏𝑒 is expected to
e sensitive to 𝑈 , in turn. Indeed, the position of the separation point
f the ground boundary layer upwind the barrier varies slightly because
f the bluffness of the barrier. However, 𝐿𝑏𝑒 and 𝐿𝑠 are defined from

the position of the point for which 𝑢∗∕𝑢∗𝑡 = 1, that may be expected to
move upwind with increasing 𝑈 .

Fig. 12(b,c) shows both the incoming and outgoing mean sand
concentration profiles 𝜇(𝜑(𝑧)) = 1∕𝑇 ∫ 𝑇

0 𝜑(𝑧, 𝑡)𝑑𝑡 for each sand accumu-
lation level. The concentration profiles are plotted preserving the same
scale in order to show their striking difference in magnitude. 𝜇(𝜑𝑖𝑛)
follows a typical decreasing exponential trend (Liu and Dong, 2004).
The outgoing concentration profiles are much more flattened with
respect to incoming one and appear to change slightly in magnitude
by varying the initial conjectured sand level.

The sand flux 𝑞𝑖𝑛 results from the product between the instantaneous
concentration 𝜑(𝑧, 𝑡) and particle velocity 𝑣(𝑧, 𝑡). The dimensionless
mean incoming sand flux 𝜇(𝜑(𝑧, 𝑡)𝑣(𝑧, 𝑡))∕𝑈 is plotted in Fig. 13(a).
The sand flux on flat plane does not follow a typical decreasing ex-
ponential trend (Shao, 2008). However, the obtained result is con-
sistent with some previous studies (see e.g. Dong et al., 2003). The
characteristic height 𝛿𝑠 of the saltation layer is herein defined as
the height below which 95% of the sand transport rate takes place,
i.e. ∫ 𝛿𝑠

0 𝜇(𝑞𝑖𝑛(𝑧)) 𝑑𝑧∕ ∫
+∞
0 𝜇(𝑞𝑖𝑛(𝑧)) 𝑑𝑧 = 0.95. Therefore, it results 𝛿𝑠∕ℎ =

0.39, about 8 times larger with respect to typical in-field conditions.
The same concentration profiles are plotted in semi-logarithmic

scale in Fig. 13(b,c) in order to highlight differences in shape among
them. In particular, they are plotted versus the normalized elevation
(𝑧 − 𝑧𝑠)∕ℎ, where 𝑧𝑠 is equal to the elevation of the sand bed below
the trailing edge of the deflector at 𝑡 = 𝑇 for 𝜑𝑜𝑢𝑡 while it is equal
to the upwind sand fetch height for 𝜑𝑖𝑛. Fig. 13(b) plots the mean
concentration profiles while Fig. 13(c) plots its coefficient of variation
along the elevation.

For a given profile, the mean sand concentration decreases with
increasing 𝑧, while it is the opposite for the coefficient of variation.
Furthermore, 𝜑𝑜𝑢𝑡 varies sensibly as a function of the sand accumulation
levels. They can be categorized into two classes depending on their
trend: (i) 𝑙0, 𝑙1, 𝑙2, 𝑙3 have a non-monotonic trend with a maximum
concentration at about (𝑧 − 𝑧𝑠)∕ℎ ∈ [0.7; 1.2]; (ii) 𝑙4 and 𝑙5 have a
monotonic decreasing trend, closer to the trend of 𝜑𝑖𝑛. In fact, as the
sand level increases, the profile of the outgoing concentration appears
to tend to that of the incoming one. This could be due to the shrinking
of the recirculation vortex and its resulting smaller effect on the vertical
distribution of saltating particles. It is worth highlighting that the
coefficient of variation of the outgoing concentration profiles is shifted
towards high values and increases as the sand level increases, being
always higher than 2. Conversely, the coefficient of variation of the
incoming concentration profile covers a broad range, spanning between
12
Fig. 14. Sedimentation coefficient of S4S model: boxplots and fitting of the mean
values (a) for increasing filling height ratio 𝑧𝑠,𝑚𝑎𝑥∕ℎ and filling volume ratio 𝑉 ∕𝑉𝑓 (b).

0.2 and 20. This reflects the higher variability and intermittency of the
outgoing concentration with respect to the incoming one, and the lower
variability in concentration at lower heights.

4.3. Performance assessment

The mitigation performance of the S4S model are herein obtained by
referring to the incoming and outgoing concentration of sand particles
in air. The variability of the performance is accounted for by referring
to the whole measured time series of both incoming and outgoing
concentration. The performance is evaluated through the dimensionless
sedimentation coefficient defined as

𝑓
(

𝐶𝑠
)

=
𝑓
(

𝛷𝑖𝑛
)

− 𝑓
(

𝛷𝑜𝑢𝑡
)

𝑓
(

𝛷𝑖𝑛
) , (12)

where 𝑓 (⋅) stands for the generic probability density function. 𝐶𝑠
expresses the sedimentation capability of the barrier and, given its
definition, 𝐶𝑠 ∈ [0, 1]. It is worth stressing that a high and constant
𝐶𝑠 is the design goal for Path SMMs, such as S4S. Conversely, a
very low 𝐶𝑠 is preferred for other kind of obstacles on which sand
sedimentation is detrimental, i.e. civil structures and infrastructures or
receiver SMMs (see e.g. Raffaele and Bruno, 2019, 2020).

Fig. 14(a) shows the resulting boxplots of 𝐶𝑠 as a function of the
filling height ratio 𝑧𝑠,𝑚𝑎𝑥∕ℎ and volume ratio 𝑉 ∕𝑉𝑓 at 𝑡 = 𝑇 , where
𝑧 is the maximum elevation of the sand bed and 𝑉 is the estimated
𝑠,𝑚𝑎𝑥 𝑓
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maximum filling capacity as sketched in Fig. 14(b). Despite the uniform
linear sampling of 𝑧𝑠,𝑚𝑎𝑥∕ℎ by means of the tested six initial conditions,
∕𝑉𝑓 is not uniformly linearly sampled. On the one hand, this is
ecause 𝑉 ∝ 𝑧2𝑠,𝑚𝑎𝑥, on the other hand it is difficult to correctly shape
nitial sand levels for 𝑧𝑠,𝑚𝑎𝑥∕ℎ > 0.9. The variability of 𝐶𝑠 differs mod-

erately among tested sand levels, resulting in a coefficient of variation
in the range 𝜎(𝐶𝑠)∕𝜇(𝐶𝑠) ∈ [0.03, 0.21]. In particular, the variability of
𝑠 overall decreases for increasing accumulated sand, even if the trend

n non-monotonic. This suggests that the larger the upwind vortex, the
arger the expected variability in 𝛷𝑜𝑢𝑡 and 𝐶𝑠, in turn. Conversely, the

mean value of 𝐶𝑠 results approximately constant by varying slightly in
the range 𝜇(𝐶𝑠) ∈ [0.86, 0.97]. According to the authors, the mean value
f 𝐶𝑠 is expected to steeply decrease for 𝑧𝑠,𝑚𝑎𝑥∕ℎ > 0.9 and 𝑉 ∕𝑉𝑓 > 0.7

since 𝐶𝑠 must be nil when the barrier is completely filled of sand.
The discrete mean values of 𝐶𝑠 are then fitted with the transformation
of a monotonic decreasing exponential function by minimizing least
squares to describe the conjectured global trend of 𝜇(𝐶𝑠). It results
𝜇(𝐶𝑠) = 𝐶𝑠,0(1−𝑒𝑐1[1−(𝑧𝑠,𝑚𝑎𝑥∕ℎ)

𝑐2 ]), with 𝐶𝑠,0 = 0.91, 𝑐1 = −26.51, 𝑐2 = 4.93.
From a sand mitigation design perspective, the wind tunnel tests carried
out demonstrate that S4S model traps more than 90% of the incoming
sand, and that keeps high performances up to large sedimentation
volumes. This implies that a very small fraction of total incoming sand
can endanger the downwind protected infrastructure resulting in low
frequency sand removal operations, and low related maintenance costs.
Because of the conjectured dependency of the accumulated sand bed
profiles on 𝑢∗∕𝑢∗𝑡, 𝐶𝑠 may be driven not only by the ratio 𝑉 ∕𝑉𝑓 but also
by 𝑢∗∕𝑢∗𝑡. However, further experimental studies are required to shed
some light on this issue, given the lack of results from the literature.

5. Conclusion

Wind-sand tunnel tests represent an effective technique to recover
in a controlled environment wind-sand flow state variables and the
morphodynamic evolution of the sand bed around ground-mounted
obstacles. This is of paramount importance for civil structures and
infrastructures in sandy environments, such as SMMs. Nevertheless,
WSTTs show some deficiencies related to the lack of similarity with
respect to full-scale conditions.

The present study addresses the wind-sand tunnel testing of surface-
mounted obstacles by categorizing common setups and discussing wind
tunnel similarity requirements from the past literature. On the one
hand, the wind-sand tunnel setup, embodied by the so-called sand
flux boundary conditions and sand bed initial conditions, is expected
to strongly affect the trend of the measured sand state variables,
e.g. the sand transport around the obstacle and the morphodynamic
evolution of the sand bed. On the other hand, similarity requirements
are intended to enclose any modelling scale of the windblown sand
processes and, therefore, they cannot be totally fulfilled. As a result, the
choice of the wind tunnel setup as well as the choice of which similarity
requirements to relax shall be driven on a case-by-case basis by the aim
of the study.

A case study dealing with the performance assessment of a SMM
is presented and critically discussed in the wake of the adopted setup
and scaling criterion. Wind tunnel testing time is shortened through
the wind tunnel setup by setting proper sand bed initial conditions
and running several tests in order to recover both morphodynamics
and sand transport for different initial conjectured sand levels. Despite
the effort to comply with similarity setup dimensionless numbers, ge-
ometric and kinematic similarity would have required the appropriate
scaling of the sand grain diameter and wind speed by matching the
model geometrical scaling and the Froude number, respectively. On one
side, this would require the testing of dust-sized particles that would
introduce additional interparticle cohesive forces, not physically sound
for sand-sized particles. On the other side, the wind speed required to
match the Froude number would not trigger saltation. This means that
a perfect matching between model and prototype conditions remains
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impracticable in current WSTTs despite the adoption of large test cross-
sections. This does not necessarily imply that similarity requirements
should be ignored when designing wind-sand tunnel setups. Rather, the
similarity between model and prototype setup dimensionless numbers
should be maximized in order to minimize, in turn, the distortion
between model and full-scale state variables.

The presented case study demonstrates the progressive convergence
of sand bed morphodynamics and sand concentration over the barrier
towards a quasi-steady state. Nevertheless, this requires long testing
time: for the tested case study, the average net testing time for each
sand accumulation level is equal to about 22 min. The measured
sand bed morphodynamics confirms the aerodynamic working principle
of the SMM highlighting that sedimentation still holds upwind the
barrier even for high filling volumes. Finally, incoming and outgoing
mean sand concentrations are combined to recover the dimensionless
sedimentation coefficient. According to the authors, the entity of the
distortion of the dimensionless sedimentation coefficient cannot be,
at this stage, quantitatively assessed. However, it can be qualitatively
related to the impossibility to retain the same geometrical scaling
between the model, the wind speed profile, and the sand flux profile.
On the one hand, the model geometry and wind speed profile can be
easily scaled. On the other hand, the saltation layer cannot be scaled
accordingly in the wind tunnel. As a result, the magnitude of such
a distortion can be ascribed to the discrepancy, between model and
prototype conditions, of the ratio between the characteristic heights
of the saltation layer and the model, i.e. 𝛿𝑠∕ℎ. Within a modelling
perspective, such a resulting dimensionless metric is considered to
be analogous to another key dimensionless parameter for multiscale
problems expressing the similarity of turbulence effect on structures,
i.e. the ratio between the integral length scale of turbulence and the
characteristic length of the model (Cook, 1978).

The above concerns are presumed to apply to any kind of tested
SMM whose efficiency can be affected by 𝛿𝑠∕ℎ. In particular, porous
fences constitute another class of popular Path SMM (Li and Sher-
man, 2015; Lima et al., 2020). Despite WSTTs on porous fences are
widespread, the authors expect that they give rise to even greater ex-
perimental distortion. Indeed, pure aerodynamic scaling is particularly
critical for porous obstacles (Allori et al., 2013). In addition, geometric
scaling is expected to be crucial given the emergence of the pore
diameter as an additional characteristic length scale of the problem.
Overall, porosity overcomplicates physical similarity between modelled
and full-scale conditions and highlights once again the incompatibility
between kinematic and geometric similarities.

In the light of the wide research field, we suggest the following
research perspectives to the whole scientific community in order to fill
the gaps of knowledge emerged by the present study. First, we would
like to promote further WSTTs to explore the sand sedimentation pat-
tern and trapping performance under different geometrical scaling of
the model and environmental setup conditions, e.g. wind yaw angle, ef-
fective shear velocity, and wind flow features, i.e. Reynolds and Froude
number. Secondly, given the emerged practical limitations of WSTTs
in complying with similarity requirements, we strongly encourage the
quantification of experimental distortion of different kind of SMMs
in a hybrid modelling perspective (Meroney, 2016) by recurring to
supplementary wind tunnel tests in open jet large scale facilities, such
as Wall of Wind (Gan Chowdhury et al., 2017), and complementary
computational simulations relying on multiphase models of windblown
sand transport coupled with morphodynamic evolution (e.g. Lo Giudice
and Preziosi, 2020). The hybrid physical-computational modelling can
be beneficial for a wide range of studies all related to windblown sand
modelling, ranging from SMM performance assessment (HyPer SMM,
2020) to, in an even broader perspective, the investigation of wind-
blown sand transport on martian and other extraterrestrial planetary
surfaces (Rasmussen et al., 2015).
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