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A B S T R A C T

Windblown sand action on critical infrastructures, such as high-speed railway lines, can completely inhibit their
operation detrimentally affecting their safety and capacity. Several key components of the infrastructure are
affected, among them the rolling stock material and infrastructure equipment. Computational Wind Engineering
(CWE) is becoming more and more adopted during the different design stages to assess the impact of
windblown sand. However, CWE-based analysis and design remain challenging because of the different scales
involved in windblown sand transport starting from the full alignment scale (macro-scale), to the railway body
(meso-scale), to the rolling stock (micro-scale). An innovative multi-scale modelling approach is proposed to
bridge the gap between macro and micro scales involved in windblown sand processes, allowing to assess
windblown sand action on key components. An exploratory case study addressing rolling stock operation
in sandy environment along an high-speed railway line is analysed and discussed. This demonstrates the
soundness of the approach in identifying most endangered railway segments, railway body sedimentation-
prone areas and rolling stock components, and in quantifying windblown sand action at different scales. The
proposed approach is well suited also to support the conceptual design of Sand Mitigation Measures.
1. Introduction

Windblown sand action is widely recognized as a key hazard af-
fecting civil structures and infrastructures in sandy environments, such
as desert regions and coastal zones (Raffaele and Bruno, 2019). On
one hand, desert regions are increasingly hosting human activities and
built structures. On the other hand, climate change is progressively
inducing the increment of the windstorm frequency, and associated
sand transport events from sandy coasts to built-up areas. Within this
scenario, critical infrastructures are particularly noteworthy given their
social and economical impact.

Critical railway infrastructures in sandy environments are well
known to be particularly sensitive to windblown sand, because of
their impressive linear extension causing the crossing different geo-
morphological environments (e.g. Raffaele and Bruno, 2020), and the
specific vulnerability of railway components to windblown sand ac-
tion (Bruno et al., 2018b). The number of critical infrastructure railway
projects currently ongoing and planned in sandy regions across North
Africa, Middle East, and Southeast Asia is expected to progressively

∗ Corresponding author at: Department of Architecture and Design, Politecnico di Torino, Viale Mattioli 39, Torino, 10126, Italy.
E-mail address: lorenzo.raffaele@polito.it (L. Raffaele).

increase in the near future. At the same time, railway infrastructure
components are particularly sensitive to windblown sand despite its
detrimental effect endangering both safety and serviceability (Bruno
et al., 2018b). Windblown sand interacts with any railway infrastruc-
ture component inducing sand transport and sedimentation around it.
Some non-exhaustive examples of windblown sand effects on railway
infrastructures include: railway sand coverage compromising train
passengers’ safety (e.g. Cheng et al., 2015); ballast contamination and
consequent increase of train-induced vibrations and additional damage
to superstructure components of the track (e.g. Zakeri et al., 2012); rail
grinding and rolling stock wheels profiling induced by the thin sand
layer sedimented on the rail-wheel contact interface (e.g. Faccoli et al.,
2018); sand impact on high-speed running trains causing the premature
wear of train elements and the infiltration in the heating, ventilation
and air conditioning system (e.g. Paz et al., 2015).

Windblown sand is a multi-physics process resulting from the inter-
action of wind flow aerodynamics and sand particles erosion, transport,
vailable online 19 April 2024
167-6105/© 2024 The Author(s). Published by Elsevier Ltd. This is an open access ar
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Fig. 1. Multi-scale/multi-physics approach to windblown sand action.
sedimentation and avalanching (e.g. Kok et al., 2012). Windblown sand
is also a multi-scale process (e.g. Pye and Tsoar, 2009) ranging from
the submillimeter-scale of the single sand grain (micro-scale), to the
ten/hundred meters-scale of sand bed forms (meso-scale), to the hun-
dred kilometers-scale of the windblown sand transport at the regional
scale (macro-scale). Given the multi-physics/multi-scale nature of the
phenomenon and the resulting difficulties arising from its physical
modelling through in-field and wind tunnel tests (e.g. Raffaele et al.,
2021, 2023), mathematical modelling approaches, properly tuned and
validated on the basis of physical testing, are usually preferred in the
design practice (e.g. Lo Giudice et al., 2019). Accordingly, windblown
sand mathematical modelling is usually compartmentalized into dif-
ferent classes of problems, strictly related to the retained scale of the
physical process. In the following, such mathematical modelling ap-
proaches are briefly reviewed by referring to the three scales mentioned
above.

At the macro-scale, windblown sand is usually modelled to ascertain
the amount of incoming sand drift. The modelling approach to evaluate
sand drift has been first introduced by Fryberger and Dean (1979)
and consolidated in several areas of application from geomorphology
to coastal and civil engineering (see e.g. Barchyn and Hugenholtz,
2011; Riksen et al., 2016; Cheng et al., 2015). Such a modelling
approach mainly consists in semi-empirical analytical expressions eval-
uating the in-equilibrium sand transport depending on in-equilibrium
Atmospheric Boundary Layer (ABL) wind field conditions and sand bed
resistance to erosion.

At the meso-scale, windblown sand is usually modelled via so-
called cellular automaton models and Computational Wind Engineering
(CWE) approaches. Cellular automaton models are widespread since
they allow to model erosion, transport, and deposition processes as
time-dependent stochastic interactions between cells of a lattice (to
2

study e.g. long-term evolution of dune fields Narteau et al., 2009) with
reduced computational resources. However, they are unable to model
windblown sand transport in air (i.e. they only account for the morpho-
dynamic evolution of the sand bed) and out-of-equilibrium conditions,
i.e. sand transport, erosion and sedimentation around any kind of solid
obstacle. Therefore, Computational Wind Engineering (CWE) models
for fluid-driven particulate transport have considerably increased in
the last decades (Lo Giudice et al., 2019). At the meso-scale, fully
Eulerian models are usually preferred given their lower computational
cost with respect to Eulerian–Lagrangian CWE modelling approaches.
Indeed, fully Eulerian models are based on continuum approximations
or closures to model erosion, transport, sedimentation, and consequent
avalanching determining the morphodynamic evolution of the sand
bed (e.g. Lo Giudice and Preziosi, 2020). As such, windblown sand
is assessed through the resolution of the Navier–Stokes Equations for
the wind flow phase coupled with mass and momentum conservation
equations for the dispersed sand phase (Lo Giudice et al., 2019).

At the micro-scale, Eulerian–Lagrangian CWE models allow to di-
rectly simulate dispersed sand particles preserving the granular nature
of sand. Such modelling approaches consist in solving the equations of
motion for each particle including collisions, to get individual trajec-
tories. However, the large number of particles considerably limits the
size of the domain (Lo Giudice and Preziosi, 2020).

Multi-scale modelling and simulation has recently emerged as one of
the focal research areas in applied science and engineering (Fish, 2010).
A remarkable pioneering example, albeit in a different field of applica-
tion, is represented by the multi-scale multi-physics multi-dimensional
model by Formaggia et al. (2001), where the multi-scale strategy allows
to dramatically reduce computational complexity by coupling detailed
2D/3D simulation modelling the micro/meso-scales with simplified 1D
simulation modelling the macro-scale. In the same spirit, the present
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Fig. 2. Wind velocity and sand flux profiles during saltation (a), incoming left-side 𝐷𝑙 and right-side 𝐷𝑟 sand drift along a generic infrastructure alignment (b).
tudy proposes a multi-scale CWE approach to windblown sand action
aking advantage of the complementarity of the approaches discussed
bove. In particular, a close and fruitful cooperation between Siemens
obility (Krefeld, Germany) and Windblown Sand Modelling and Mit-

gation (WSMM) joint research group (Italy-France) was established to
evelop a multi-scale modelling framework to assess windblown sand
ction on the railway track and rolling stock. The proposed multi-scale
WE approach is then applied and tested on an exploratory case study
ealing with a desert railway line.

The paper is organized into three further sections. Section 2 show-
ase the conceived multi-scale modelling framework discussing in de-
ail the adopted methodology, required input and expected output for
odel adopted, each of them retaining a scale of the problem. Key

esults are discussed in Section 3. Finally, conclusions and perspectives
re outlined in Section 4.

. Multi-scale modelling framework

This study proposes a novel multi-scale modelling framework to
ssess windblown sand action on critical infrastructures. In particular,
uch an approach is applied to a critical High-Speed Railway infrastruc-
ure crossing desert environments. The overall modelling framework is
ummarized in Fig. 1, showing the required input, the adopted model
eatures, and resulting output for each analysed scale. In the following,
nput, model features, and output are detailed for each analysed scale,
.e. at the hundred kilometers-scale of the whole infrastructure length
macro-scale, Section 2.1), at the hundred meters-scale of the railway
ody characteristic length (meso-scale, Section 2.2), and at the ten
eter-scale of the rolling stock (micro-scale, Section 2.3).

.1. Macro-scale modelling of incoming sand drift

The incoming windblown sand drift is obtained from the incoming
ransport rate 𝑄, defined as the volume of sand per crosswind meter
er hour carried by the incoming wind undisturbed by any obstacles,
n analogy to the incoming mean wind velocity in the wind engineer-
ng practice (EN 1991-1-4, 2005). 𝑄 results from the integral of the
indblown sand saltation flux profile 𝑞(𝑧) along the vertical direction
(see Fig. 2a). In practice, 𝑄 is usually modelled by means of semi-

mpirical analytical expressions (Kok et al., 2012), that heuristically
ccount for the features of both the in-equilibrium ABL wind flow and
he sand bed. 𝑄 > 0 occurs 𝜏 > 𝜏𝑡, where 𝜏 is the wind-induced shear
tress at the sand bed surface, and 𝜏𝑡 is the sand bed resistance to
rosion, i.e. the lower value of the shear stress at which sand grains
oose their static equilibrium and saltation occurs (see Fig. 2a). 𝜏 is
sually replaced by the wind shear velocity 𝑢∗ =

√

𝜏∕𝜌, where 𝜌 is the
ir density. In turn, 𝑢∗ is recovered from the mean wind speed profile
or in-equilibrium ABL flow for a given aerodynamic roughness length
0 as 𝑢∗ = 0.41𝑢𝑟𝑒𝑓∕ ln

(

𝑧𝑟𝑒𝑓∕𝑧0
)

, where the reference height is adopted
3

s 𝑧𝑟𝑒𝑓 = 10 m, and the corresponding wind speed 𝑢𝑟𝑒𝑓 is averaged
Fig. 3. Threshold shear velocity of natural particles: measurements and copula-based
regression, after Raffaele et al. (2016).

over 10 min, i.e. the effect of the wind turbulence fluctuations on 𝑄 is
neglected. Analogously, 𝜏𝑡 is replaced by the so-called threshold shear
velocity 𝑢∗𝑡, expressed empirically as a function of the sand grain mean
diameter 𝑑 (Shao, 2008). It follows that the semi-empirical analytical
expression of incoming transport rate take the form 𝑄 = 𝑄

(

𝑢∗, 𝑢∗𝑡
)

.
It is worth stressing that 𝑢∗ and 𝑢∗𝑡 are bulk random variables that

incorporate the effects of natural phenomena varying in both space
and time. As a result, they shall be characterized in statistics terms
through remote sensing and/or in-situ measurements. 𝑢∗𝑡 was recently
statistically characterized by Raffaele et al. (2016, 2018). In Raffaele
et al. (2016), a dataset including 109 𝑑-𝑢∗𝑡 measurements was collected
from previously published studies. Estimates of conditional probability
distributions of 𝑢∗𝑡 for given values of 𝑑 are obtained via copula-based
regression so to describe 𝑢∗𝑡 high order statistics. In particular, Fig. 3
shows the 𝑑-𝑢∗𝑡 dataset with mean value (𝜇) and percentiles (p) curves
resulting from Raffaele et al. (2016).

The full probabilistic modelling of 𝑄𝜃 was provided in Raffaele et al.
(2017), where 𝑢∗𝑡 is described by non-parametric kernel distributions,
while the wind shear velocity 𝑢∗,𝜃 for each incoming wind direction
𝜃 is described by hybrid Weibull distribution on the base of available
in-site anemometric data. In the light of this, 𝑄𝜃 is expressed via the
semi-empirical law proposed by Lettau and Lettau (1978):

𝑄𝜃 =𝐶
√

𝑑
𝑑𝑟

𝜌
𝑔
𝑢3∗,𝜃

[

1 −
𝑢∗𝑡
𝑢∗,𝜃

]

if 𝑢∗,𝜃 > 𝑢∗𝑡,

𝑄𝜃 =0 if 𝑢∗,𝜃 ≤ 𝑢∗𝑡,
(1)

where 𝐶 = 6.7 is an empirical constant, 𝑑𝑟 = 0.25 mm is the reference
grain diameter, 𝑔 is the acceleration of gravity, and 𝑢∗,𝜃 and 𝑢∗𝑡 are
random variables described by the Probability Density Functions (PDFs)
𝑓 (𝑢 ) and 𝑓 (𝑢 |𝑑), respectively.
∗,𝜃 ∗𝑡
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The directional drift potential 𝐷𝜃 is defined as

𝐷𝜃 = 1
𝜌𝑏

𝑇
𝑇𝑟

𝑐
𝑁𝜃
∑

𝑖=1
𝑄𝜃,𝑖𝑛𝛥𝑡, (2)

where 𝜌𝑏 is the bulk sand density, 𝑇 is the reference time, 𝑇𝑟 is the
ecording time, 𝑐 is a site correction taking into account actual terrain
haracteristics (e.g. sand source availability, presence of vegetation),
𝑡 is the sampling interval of the wind speed and 𝑁𝜃 corresponds to
he number of occurrences of the wind speed along the 𝜃 direction. In
q. (2), 𝑁𝜃 and 𝑄𝜃 are random variables described by the PDF 𝑓 (𝑁𝜃)
nd 𝑓 (𝑄𝜃).

Finally, the resultant side drift can be defined for the left (𝐷𝑙) and
ight sides (𝐷𝑟) of the railway infrastructure alignment as the vector
um of the components 𝐷𝜃 (see Fig. 2b) as

𝐷𝑙 =
𝜃𝑎+𝜋
∑

𝜃𝑎

𝐷𝜃 ,

𝑟 =
𝜃𝑎
∑

𝜃𝑎−𝜋
𝐷𝜃 ,

(3)

eing 𝜃𝑎 the direction of the alignment. Such a splitting of the drift into
wo components is particularly significant, given the line-like nature of
he infrastructure alignment.

.2. Meso-scale modelling of wind flow and sand transport

The wind flow is modelled as a steady incompressible turbulent
low through Navier–Stokes Equations (NSE). In particular, Reynolds-
verage Navier–Stokes (RANS) turbulence modelling is preferred be-
ause we focused on the long-term behaviour of sand transport which
nduces sand erosion and accumulation around the railway body and
hich occurs on a much larger time scale than that of turbulence. The
ST 𝑘-𝜔 turbulence model is adopted because of its proven accuracy
n simulating wind flow separation around bluff bodies (Menter et al.,
003), such as embankments. The same turbulence model has been
alidated in Bruno and Fransos (2015) and adopted in Bruno et al.
2018a), Horvat et al. (2020), Horvat et al. (2021), and Raffaele et al.
2022) on the same class of problems, i.e. nominal 2D sharp-edged
luff bodies immersed in a turbulent ABL. The whole set of governing
quations reads:

𝜕𝑢𝑖
𝜕𝑥𝑖

= 0,

𝑢𝑗
𝜕𝑢𝑖
𝜕𝑥𝑗

= −1
𝜌
𝜕𝑝
𝜕𝑥𝑖

+ 𝜕
𝜕𝑥𝑗

[

𝜈
(

𝜕𝑢𝑖
𝜕𝑥𝑗

+
𝜕𝑢𝑗
𝜕𝑥𝑖

)]

− 𝜕
𝜕𝑥𝑗

(

𝑢′𝑖𝑢
′
𝑗

)

,

𝑢𝑖
𝜕𝑘
𝜕𝑥𝑖

= 𝜕
𝜕𝑥𝑖

[

(

𝜎𝑘𝜈𝑡 + 𝜈
) 𝜕𝑘
𝜕𝑥𝑖

]

+ 𝑃𝑘 − 𝛽∗𝑘𝜔,

𝑢𝑖
𝜕𝜔
𝜕𝑥𝑖

= 𝜕
𝜕𝑥𝑖

[

(

𝜎𝜔𝜈𝑡 + 𝜈
) 𝜕𝜔
𝜕𝑥𝑖

]

+ 𝛼 𝜔
𝑘
𝑃𝑘 − 𝛽𝜔2 +

(

1 − 𝐹1
) 2𝜎𝜔

𝜔
𝜕𝑘
𝜕𝑥𝑖

𝜕𝜔
𝜕𝑥𝑖

,

(4)

where 𝑡 is time, 𝑝 is the average pressure, 𝜈 is the air kinematic viscos-
ty, 𝜈𝑡 is the so-called turbulent kinematic viscosity, 𝑘 is the turbulent
inetic energy, and 𝜔 is its specific dissipation rate. The kinetic energy
roduction term 𝑃𝑘 is modelled by introducing a production limiter
o prevent the build-up of turbulence in stagnation regions, i.e. 𝑃𝑘 =
min

(

𝑃𝑘, 10𝛽∗𝑘𝜔
)

, where 𝑃𝑘 ≈ 2𝜈𝑡𝐷𝑖𝑗
𝜕𝑢𝑖
𝜕𝑥𝑗

and 𝐷𝑖𝑗 is the strain-rate tensor.
For the sake of conciseness, the definition of the blending function 𝐹1
nd the values of the model main constants 𝛽∗, 𝜎𝑘, 𝜎𝜔, 𝛼, and 𝛽 are

omitted herein. Interested readers can refer to Menter et al. (2003).
Sand-grain roughness wall functions are adopted because of their

wide use in CWE (Blocken et al., 2007) and their proven adequacy
from past simulations on the same class of problem (e.g Liu et al., 2011;
Bruno and Fransos, 2015). In particular, standard wall functions (Laun-
der and Spalding, 1974) with roughness modification (Cebeci and
4

Fig. 4. Sedimentation velocity of natural particles: measurements, original drag laws
for spheres, nonlinear regression of law proposed by Bagheri and Bonadonna (2016),
after Raffaele et al. (2020).

Bradshaw, 1977) are applied. The equivalent sand-grain roughness
height is determined equal to 𝑘𝑠 = 9.793𝑧0∕𝐶𝑠, where 𝐶𝑠 = 0.5 is the
oughness constant.

The transported sand phase is considered as a passive scalar and
odelled through the conservation equation of sand volume fraction
𝑠, where the sand flux is given by the combination of advection by
ind, sedimentation induced by gravity, and diffusive flux:

𝜕𝑢𝑠,𝑖𝜙𝑠

𝜕𝑥𝑖
= −𝑢𝑠𝑒𝑑

𝜕𝜙𝑠
𝜕𝑥𝑖

− 𝜕
𝜕𝑥𝑖

(

𝜈𝑒𝑓𝑓𝜙𝑠
𝜕𝜙𝑠
𝜕𝑥𝑖

)

, (5)

here 𝑢𝑠,𝑖 is the transport velocity of the sand particles by wind taken
roportional to 𝑢𝑖, 𝑢𝑠𝑒𝑑 is the vertical sedimentation velocity defined
s the maximum velocity a particle attains if falling unhindered in
quiescent fluid of infinite extent, and 𝜈𝑒𝑓𝑓 takes into account the
ixing-diffusive contribution resulting from the combination of 𝜈𝑡 and

he viscous effect due to random collisions at the sand surface 𝜈𝑠 =
(

2
√

𝐼𝐼𝐷𝑖𝑗

)𝐵
, being 𝐴 and 𝐵 model parameters to calibrate the con-

centration profile and 𝐼𝐼𝐷𝑖𝑗
the second invariant of 𝐷𝑖𝑗 (Preziosi et al.,

2015). 𝑢𝑠𝑒𝑑 results from its full statistical characterization. In Raffaele
et al. (2020), 1812 experimental measurements of natural particles
sedimentation velocity were recovered from different studies and non-
linear regression was carried out on the consolidated dataset in order
to assess the mean value. Fig. 4 shows the 𝑑−𝑢𝑠𝑒𝑑 dataset together with
original drag laws for spheres, i.e. the laws by Stokes (1851), Newton
(1687) and Clift and Gauvin (1971), and the resulting re-fitted drag
law for natural particles proposed by Bagheri and Bonadonna (2016),
adopted in this study.

Despite the steady RANS modelling approach, a pseudo-transient
approach is adopted to model the very slow morphodynamic evolution
of the sand surface induced by erosion and sedimentation and its effect
on wind-sand flow field variables. This is accounted for by extrapolat-
ing the height ℎ+ 𝛥ℎ of the wind-sand interface after the time interval
𝛥𝑡 by imposing the continuity of sand flux 𝑞𝑖 through the wind-sand
interface and considering the triggering of avalanching when the sand
slope exceeds the critical angle of repose 𝛼 . This leads to the modified
𝑐𝑟
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Fig. 5. Scheme of computational domain and BC for meso-scale simulations.

xner equation (see Lo Giudice and Preziosi, 2020):

𝛥ℎ
𝛥𝑡

= 𝜈𝑎𝑣
𝜕
𝜕𝑥𝑖

⎡

⎢

⎢

⎢

⎢

⎣

(

|

𝜕ℎ
𝜕𝑥𝑖

| − tan 𝛼𝑐𝑟
)

+
√

1 + |

𝜕ℎ
𝜕𝑥𝑖

|

2

𝜕ℎ
𝜕𝑥𝑖

|

𝜕ℎ
𝜕𝑥𝑖

|

⎤

⎥

⎥

⎥

⎥

⎦

− 1
𝜙𝑐𝑝 − 𝜙𝑠

𝑞𝑖𝑛𝑖, (6)

where the first term represents the wind-sand interface velocity induced
by avalanching, being 𝜈𝑎𝑣 an avalanching diffusion coefficient, while
the second term is the wind-sand interface velocity induced by erosion
and sedimentation, being 𝜙𝑐𝑝 the sand close-packing volume ratio and
𝑛𝑖 the direction normal to the surface.

The adopted Boundary Conditions (BC) and 2D computational do-
main is schematically shown in Fig. 5. The railway body cross-section
corresponds to the most endangered railway section, i.e. the railway
body section for which the incoming sand drift (𝐷𝑙 or 𝐷𝑟) is the
ighest (see Section 2.1). Null 𝜙𝑠 initial conditions are imposed in
he whole domain. No-slip BC are imposed at the solid walls. At the
nlet, Neumann zero-gradient BC is imposed for 𝑝, while Dirichlet BC
s imposed on 𝑢, 𝑘, and 𝜔. At the outlet, Neumann zero-gradient BC
s imposed for all flow variables, except for Dirichlet BC for 𝑝. At the
nlet, a log-law 𝑢 profile is set according to the 95th percentile of the
eference wind speed incoming to the most endangered railway section.
he profiles of 𝑘 and 𝜔 are set in accordance to Richards and Norris
2011) to replicate a neutral ABL. Symmetry BC is imposed at the top.
inally, a Dirichlet sand erosion BC is set to properly model erosion
n sandy surfaces when 𝑢∗ > 𝑢∗𝑡, while a Neumann BC is imposed on

non-erodible surface (see Ho et al., 2011):

−𝜈𝑒𝑓𝑓𝜙𝑠
𝜕𝜙𝑠
𝜕𝑥𝑖

𝑛𝑖 = 𝐴𝐻𝜌

√

𝑑
𝑔
(

𝑢2∗ − 𝑢̂2∗𝑡
)

+ , (7)

where 𝐴𝐻 is a model constant, 𝑑 is the mean sand diameter, and 𝑢̂∗𝑡
directly follows from 𝑢∗𝑡 and takes into account the local effect due to
slope angle 𝛼 (see Iversen and Rasmussen, 1994). The computational
domain sizes schematized in Fig. 5 are set in order to avoid improper
effects of the boundary conditions on the local flow around the em-
bankment (Bruno et al., 2023). The resulting blockage ratio is equal to
5%, in agreement with wind tunnel testing requirements.

Space discretization follows a predominantly structured grid of
hexahedral control volumes, with a total number of cells equal to about
5.2e+5. The mesh is refined close to the ground, so that the height 𝑛𝑤
f the wall-adjacent cell (i) provides a sufficiently high mesh resolution
long the normal direction to the surface in order to adequately resolve
he gradients of wind-sand state variables, and (ii) complies with the
all function requirement on dimensionless wall unit 30 < 𝑛+ =

𝑛𝑝𝑢∗∕𝜈 < 200, being 𝑛𝑝 = 𝑛𝑤∕2 the cell centre height, by setting an
verage height 𝑛𝑤 = 1.5 cm.

The cell centre values of the state variables are interpolated at
ace locations using the second-order central difference scheme for
he diffusive terms. The convection terms are discretized by means
f the so-called limited linear scheme. A 2nd order accurate bounded
otal variational diminishing scheme resulting from the application of
he (Sweby, 1984) limiter to the central differencing in order to en-
orce a monotonicity criterion. SIMPLE algorithm is used for pressure–
5

elocity coupling. The meso-scale modelling of wind flow and sand (
transport is carried out through the Finite Volume open source code
OpenFOAM©. On average, a CPU time of about 4 h is required for
ach steady simulation carried out on the analysed railway body cross-
ection for successive extrapolated sedimentation levels on Intel(R)
ore(TM) dual-processor Sandy Bridge server @ 2.60 GHz with 16
ores employed.

.3. Modelling of wind flow and sand transport at micro-scale

The wind flow is modelled as a steady incompressible turbulent
low through RANS equations with Realizable 𝑘-𝜀 Two-Layer turbu-

lence model (Rodi, 1991; Shih et al., 1994). Such a discrepancy in
the adopted turbulence model with respect to meso-scale modelling
(Section 2.2) mainly results from the different class of problem which
the specific application belongs to. The class of problem mainly de-
pends on the incoming wind features, aerodynamic behaviour of the
obstacle, focus of the analysis, and analysis stage (Bruno et al., 2023).
In this study, meso-scale and micro-scale approaches mainly differ by
the mechanism responsible for wind flow separation. At the meso-scale,
wind flow separation around embankment and rails is mainly induced
by sharp-edged geometry while, at micro-scale, separation around the
rolling stock is mainly induced by Reynolds number and turbulence
effect. The same turbulence model has been validated in Ali et al.
(2016) on the same class of problems, i.e. smooth rolling stock bluff
bodies immersed in a turbulent ABL, and it complies with European
standard on train aerodynamics (EN 14067-6, 2018). The adopted
turbulence model reads:

𝑢𝑖
𝜕𝑘
𝜕𝑥𝑖

= 𝜕
𝜕𝑥𝑖

[

(

𝜎𝑘𝜈𝑡 + 𝜈
) 𝜕𝑘
𝜕𝑥𝑖

]

+ 𝑃𝑘 − 𝜀,

𝑢𝑖
𝜕𝜀
𝜕𝑥𝑖

= 𝜕
𝜕𝑥𝑖

[

(

𝜎𝜀𝜈𝑡 + 𝜈
) 𝜕𝜀
𝜕𝑥𝑖

]

+ 𝜀
𝑘
𝐶𝜀1𝑃𝜀 − 𝐶𝜀2

𝜀2

𝑘 +
√

𝜈𝜀
,

(8)

where 𝜀 is the turbulent kinetic energy dissipation rate, 𝑃𝜀 is the 𝜀
production term, 𝐶𝜀1 and 𝐶𝜀2 are model constants.

The sand phase is modelled through the Lagrange Multiphase
Method (LMP), i.e. equations of motion are solved for representative
parcels of the dispersed phase instead of tracking each sand particle.
This makes LMP, less computationally expensive with respect to tra-
ditional Discrete Particle Methods (DPM). Furthermore, LMP is well
suited for cases where the volume fraction of the dispersed phase is
relatively small, i.e. the motion is dominated by interaction with the
continuous phase (one or two-way coupling) rather than interaction
with other particles (four-way coupling), and where interaction with
solid walls in not negligible. The coupling between wind and sand
phases is modelled as one-way, i.e. sand particles are assumed to do
not affect the wind phase and each other. In particular, parcels of sand
particles are tracked by solving the Lagrangian conservation equations:

𝑚𝑝
d𝐮𝑝
d𝑡

= 𝐅𝑔 + 𝐅𝑑 + 𝐅𝑝 + 𝐅𝑙 , (9)

here 𝑚𝑝 is the particle mass, 𝐮𝑝 is the particle velocity, 𝐅𝑔 is the force
nduced by gravity, 𝐅𝑑 is the particle drag force, 𝐅𝑝 is the pressure
radient force, and 𝐅𝑙 is the shear lift force. The particle drag force
s given by

𝑑 = 1
8
𝜋𝑑2𝐶𝑑

|

|

|

𝐮 − 𝐮𝑝
|

|

|

(

𝐮 − 𝐮𝑝
)

, (10)

here 𝐶𝑑 is the drag coefficient. Several laws have been proposed for
𝑑 of natural particles in order to fit experimental data (see e.g. Kang
nd Liejin, 2006; Lopes et al., 2013). Similarly to the sedimentation
elocity of natural particles in Section 2.2, the authors adopted the sta-
istical characterization of 𝐶𝑑 of natural particles proposed by Raffaele
t al. (2020).

Fig. 6 shows the same dataset included in Fig. 4 mapped on the Re-
𝑑 plane, with original drag laws for spheres, i.e. the laws by Stokes

1851) with 𝐶 = 24∕𝑅𝑒, Newton (1687) with 𝐶 ≈ 0.46, and Clift
𝑑 𝑑
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Fig. 6. Drag coefficient of natural particles: measurements, original drag laws for
spheres, nonlinear regression of law proposed by Bagheri and Bonadonna (2016),
after Raffaele et al. (2020).

Fig. 7. Scheme of computational domain and BC for micro-scale simulations.

nd Gauvin (1971), together with the re-fitted Re-𝐶𝑑 law for natural
articles proposed by Bagheri and Bonadonna (2016), adopted in this
tudy. The force induced by the pressure gradient is defined as 𝐅𝑝 =
𝑚𝑝∕𝜌𝑠∇𝑝, where 𝜌𝑠 is the sand particle density and ∇𝑝 is the gradient

of the static pressure. The shear lift force is induced by the wind
velocity gradient orthogonal to the particle relative motion and it can
be expressed as the Saffman Lift force 𝐅𝑙 = 1∕8𝜋𝑑3𝜌𝐶𝑙𝑠[(𝐮−𝐮𝑝)×(∇×𝐮)]
where 𝐶𝑙𝑠 is the Saffman lift (Saffman, 1965).

Sand particles are affected by the wind instantaneous velocity field,
given by the sum of the mean velocity field from RANS and the
fluctuating component. As a result, particles dispersion induced by
fluctuating fluid forces in time and space needs to be modelled by
synthesizing the turbulent wind velocity field. In this study, this is done
via a random walk technique adopting the turbulent dispersion model
proposed by Gosman and Loannides (1983), in which the random
fluctuating component has a Gaussian distribution with zero mean
value and standard deviation given by the eddy velocity scale

√

2𝑘∕3.
The adopted BC and 3D computational domain are schematically

hown in Fig. 7. At the inlet, Dirichlet BC is imposed for 𝑢, 𝑘, 𝜀
according the output of the meso-scale simulation, while Neumann
zero-gradient BC is imposed for 𝑝. At the outlet, Neumann zero-gradient
BC is imposed for all flow variables, except for Dirichlet BC for 𝑝.
To simulate the rolling stock motion, at the front, Dirichlet BC is
imposed for 𝑢, 𝑘, 𝜀, while at the back, Dirichlet BC is imposed for
𝑝. Then, moving no-slip BC are imposed at the ground and track to
simulate train speed. Train boundaries are modelled as no-slip BC while
top is a symmetry plane. Morphodynamic changes induced by sand
erosion and sedimentation are not accounted for in micro-scale simula-
tion. Conversely, sand bed morphodynamics resulting from meso-scale
simulations (Section 2.2) is considered to assess the location of sand
6

particles injection surfaces. Particles injection rate is set in accordance
to the erosion law proposed by Nickling (1988), due to the shear
velocity induced by the rolling stock motion. Finally, rebound of the
particles at the solid walls is modelled via the setting of normal and
tangential restitution coefficients. The computational domain sizes are
set in agreement with the standard (EN 14067-6, 2018), the upwind
and downwind fetch distances are set equal to about 17ℎ𝑡, being ℎ𝑡 the
rolling stock height, while the height of the domain is set equal to 18ℎ𝑡
resulting in a blockage ratio equal to 1%. Computational domain sizes
are summarized in Fig. 7.

Space discretization and numerical discretization schemes follows
the same rationale of meso-scale simulations (see Section 2.2). The
height of the wall-adjacent cells is set equal to 𝑛𝑤 = 1.5 mm. The
total number of cells is equal to about 730 millions. The Finite Volume
code Simcenter STAR-CCM+© is adopted. A CPU time of about 24 h
is required for each simulation on a cluster with 512 cores employed.

3. Application and results

The proposed multi-scale approach in applied to an exploratory case
study to demonstrate the technical feasibility in an engineering analysis
and design perspective. The showcased application refers to a critical
high-speed desert railway infrastructure.

The analysed railway alignment mainly develops along the
SouthEast-NorthWest direction, and crosses four main geomorphologi-
cal zones (see Fig. 8a): a mountainous arid zone, a vegetated/urbanized
area, arid-sandy plains, and a coastal zone. Conversely, the alignment
is not directly endangered by dune fields. The collected sand samples
along the alignment consist of medium sized, well sorted quartz grains.
The mean sand grain diameter resulting from the granulometry analysis
of the samples is equal to 𝑑 = 0.21 mm. The sand loose bulk density,
and particle density resulted equal to 𝜌𝑏 = 1617 kg/m3 and 𝜌 =
2540 kg/m3, respectively.

The adopted regional wind speed dataset refers to the wind velocity
field at macro-scale simulated by ERA5 reanalysis (Hersbach et al.,
2020). The ERA5 reanalysis combines model data with in-site observa-
tions into a complete and consistent dataset. This allows to obtain wind
speed data all along the alignment by taking into account the effect of
the actual topography surrounding it. In particular, the retained dataset
spans from Jan 2010 to Dec 2021 with a time sampling 𝛥𝑡 = 1 h. Wind
speed direction is classified into 36 sectors with a sampling yaw angle
𝛥𝜃 = 10◦. The aerodynamic roughness in proximity of the alignment
is set equal to 𝑧0 = 5e−3 m, a common value for arid/sandy desert
terrains (see e.g. Raffaele et al., 2017). The whole railway alignment
is divided into 95 segments as uniform as possible in direction so to
relate each segment to a constant value of wind speed magnitude and
direction.

The wind rose of each segment is constructed starting form ERA5
data, then classic Weibull PDFs are fit to time series for each wind
direction sector 𝛥𝜃. Fig. 8(b, c) collect main synthetic results derived
from wind velocity statistical characterization along the railway align-
ment cumulative length 𝑠. Fig. 8(b) shows the maximum value of the
wind speed mean 𝜇 and 95th percentile 𝑝95 among the wind directions
related to left and right sides of the alignment. The strong wind speed
variability in time and space results in the significant gap between
𝜇(𝑢) and 𝑝95(𝑢) curves and their variability along the alignment. In
particular, wind speed slightly increases versus 𝑠, i.e. it is larger closer
to the coast due to the occurrence of strong coastal winds. According
to Fig. 8(b, c), winds incoming from the right side of the alignment
are in average about 0.9 times lower in 𝑝95 magnitude but they are
nearly 3 times more likely to occur than winds incoming from the left
side. This hints the general higher susceptibility of the infrastructure
to windblown sand transport incoming from the right side of the
alignment.

The statistical description on wind speed and threshold shear veloc-

ity are then combined via Eqs. (1), (2) and (3) to define the resultant
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Fig. 8. Sand drift assessment along the railway alignment: sketch of the alignment with geomorphological zones identified in the region (a), incoming wind speed statistics (b),
incoming wind occurrence (c), incoming sand drift (d) on left and right sides along the alignment cumulative length.
sand drift for left 𝐷𝑙 and right 𝐷𝑟 sides of the alignment by means of
Monte Carlo method. Fig. 8(d) plots the normalized values of 𝑝95(𝐷𝑙)
and 𝑝95(𝐷𝑟) versus the alignment cumulative length 𝑠. The portions
of the alignment crossing mountainous arid zone, sandy plain, vege-
tated/urbanized zone, and coastal zone are highlighted in agreement
with Fig. 8(a). In particular, it appears that right-side and left-side
sand drifts are the lowest in mountainous arid and vegetated/urbanized
zones (given the scarce sand covering and presence of vegetation),
while they increase (particularly the right side component) in proximity
of the sandy plain, because of the larger sand covering, and along
the coastal zone, because of the higher wind speed magnitude. The 𝑠-
wise evaluation of the sand drift allows to identify the location and
the yearly incoming transported sand mass for the most endangered
7

railway segments. For analysed case study, such segments are identified
within the coastal zone, characterized by stronger winds.

The wind flow features around the railway body referring to the
most endangered segments are characterized though a steady RANS
simulation. The incoming wind flow reflects actual in-site conditions.
The incoming wind speed profile is set according to 𝑧0 = 5e−3 m and
𝑝95(𝑢∗) related to the most endangered segment, so as to induce incom-
ing windblown sand transport. Wind speed is assumed perpendicular to
the alignment in order to simulate the most severe condition (Horvat
et al., 2021). The reference wind speed at the top of the embankment
results equal to 𝑢ℎ𝑒 = 6 m/s and the corresponding Reynolds number
results equal to Reℎ𝑒 = 5𝑒 + 6. Such a value, together with the railway
embankment sharp-edge geometry, suggests that the flow is within the
Reynolds super-critical regime, i.e. significant Reynolds effects are not
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Fig. 9. Wind flow pattern around the clean railway body (a), wind flow pattern (b, d, f, h) and sand concentration (c, e, g, i) around the railway body for successive sedimentation
levels.
expected to take place. The sand diameter is set equal to 𝑑 resulting
from granulometry analysis. The corresponding mean values of thresh-
old shear velocity and sedimentation velocity are respectively set equal
to 𝑢∗𝑡 = 0.27 m/s and 𝑢𝑠𝑒𝑑 = 1.18 m/s according to the statistical
characterizations proposed in Raffaele et al. (2016, 2020). Remaining
model constants are set in accordance to Raffaele et al. (2022).

Fig. 9(a) shows the wind flow topology around the clean embank-
ment by means of streamlines coupled with vorticity magnitude field.
Upwind the embankment, the vorticity magnitude is high close to the
wall due to the ABL, whereas the outer free flow is quasi-irrotational.
The boundary layer separates at the downwind sharp edge of the ballast
bed at 𝑥/ℎ𝑒 ≈ 0.3, inducing a large clockwise vortex in the wake
of the embankment. The wind flow then reattaches at 𝑥/ℎ𝑒 ≈ 7 and
accelerates downwind.

To assess the meso-scale sedimentation around the railway body,
pseudo-transient simulations are carried out starting from the above-
mentioned pure wind flow initial condition. The whole problem is
decomposed into consecutive simulations to assess sand transport and
the morphodynamic evolution of the sand bed. For each tested sand
level: (i) a steady simulation is carried out by assuring the conver-
gence of sand transport, (ii) a new geometry corresponding to a new
extrapolated sand level is obtained by shifting the wind-sand interface
proportionally to the local value of the erosion-deposition velocity 𝑣𝐸𝐷

𝛴 ,
and (iii) the new geometry is re-meshed. The above steps are repeated
systematically in analogy to the procedure reported in Raffaele et al.
(2022). In particular, four consecutive simulations have been carried
out to describe the morphodynamic evolution of the sand bed, starting
from the clean embankment in Fig. 9(b, c) up to the last simulated sand
sedimentation level in Fig. 9(h, i).
8

Fig. 9(b, d, f, h) show a close-up view of the wind flow topology
around the side access road and upwind track by means of streamlines
coupled with vorticity magnitude field, while Fig. 9(c, e, g, i) show
the same window of the domain through wind flow streamlines cou-
pled with dimensionless sand volume fraction field 𝜙, for increasing
sedimentation levels. Wind flow up over the embankment slopes and
detaches wherever it encounters a sharp edge, e.g. in correspondence
of the upwind edges of the side access road and ballast bed, giving
rise to small recirculation zones. Wind flow vorticity magnitude is
higher in correspondence of the shear flow arising from recirculation
regions. Sand is eroded upwind the embankment and climbs over the
embankment upwind slope. From Fig. 9(c, e, g, i), it emerges how sand
erosion is higher where the embankment slope is higher, i.e. where
the wind flow accelerate giving rise to high 𝑢∗. Sand sediments along
the slopes upwind feet and platforms where the wind speed encounters
deceleration induced by flow separation. As a result, sand gradually
sediments over the side access road and over the ballast bed starting
from the separation points. Backward sand erosion also occurs within
recirculation regions as highlighted in Horvat et al. (2021). Concern-
ing the side access road, sand sedimentation very slightly moves the
position of the reattachment point downwind, without drastically mod-
ifying the shape and the size of the recirculation region. This is also
testified by the fields of 𝜙𝑠 that do not sensibly change as a function of
the sedimentation level, form Fig. 9(c) to Fig. 9(i).

Windblown sand flow around the upwind railway track is shown in
detail in Fig. 10 through a close-up view of the wind flow velocity cou-
pled with streamlines (in left column) and sand concentration (in right
column) for increasing sand sedimentation levels. Three main local
clockwise coherent structures develop around the railway track: (i) the
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Fig. 10. Wind flow pattern (a, c, e, g) and sand concentration (b, d, f, h) around the upwind railway track for successive sedimentation levels (i).
upwind local vortex (in red), positioned upwind the upwind rail; (ii) the
middle local vortex (in cyan), spanning the whole gauge; (iii) the down-
wind local vortex (in orange), located downwind the downwind rail.
Furthermore, additional secondary smaller counter-clockwise vortices
appear upwind and downwind each rail. For increasing sedimentation
levels, all vortices progressively shrink, suggesting that sand sedimen-
tation will occur up the complete covering of the railway track and
the achievement of in-equilibrium sand transport conditions (Raffaele
et al., 2021).

Over the ballast bed surface, both erosion and sedimentation pro-
cesses can be identified. The ballast upwind sharp edge is eroded,
because of the wind speedup. Conversely, within main recirculation
zones, sedimentation and backwards erosion take place, depending
on the streamline curvature close to the wall. Sand sedimentation
mainly occurs around the upwind rail. Sand transport and progressive
sedimentation around the upwind rail is shown in the close-up views
in Fig. 10(b, d, f, h). The progressive sedimentation upwind the rail
shrinks the upwind vortex. Part of the eroded sand is transported down-
wind the upwind rail, entering in the middle local vortex. Similarly, the
progressive sedimentation within the rail gauge shrinks the secondary
vortex downwind the rail.

Corresponding sedimentation levels are then plotted in Fig. 10(i)
for each simulated case. It clearly emerge how the vast majority of the
9

sand start sedimenting upwind and close downwind the upwind rail.
Conversely, a small amount of sand sediments around the downwind
rail, since the upwind rail traps the vast majority of the incoming
sand transport. Of course, the volume of sedimented sand increases
progressively from 𝑡1 to 𝑡4. However, the shape of the profile of the
sand bed appears to progressively converge to equilibrium conditions,
in agreement with Raffaele et al. (2021).

The wind flow and sand transport around the rolling stock are
characterized through RANS simulation coupled with LMP for the sand
phase. The incoming crosswind flow results from the local wind field
simulated at the meso-scale, i.e. it is related to the most endangered
railway segments. Sand particles are injected into the domain below the
rolling stock in correspondence of the sedimentation zones occurring
around the track. The sand particles diameters are set in accordance
with the granulometry distribution measured in-site. In particular, par-
ticles in the range 𝑑 ∈ [0.02, 0.4] mm are considered. The corresponding
mean values of the sedimentation velocity are set according to Raffaele
et al. (2020). The simulated rolling stock has a height is equal to ℎ𝑡 =
4.15 m. The relative train speed is set equal to 𝑣 = 63.89 m/s as the
maximum train speed under operating conditions.

Fig. 11(a) shows the crosswind flow topology around the clean
rolling stock by means of Line Integral Convolution coupled with ve-
locity magnitude field. Part of the incoming crosswind flow is deflected
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Fig. 11. Windblown sand transport around the rolling stock: crosswind flow pattern around the rolling stock (a), wind shear velocity at ground (b) and sand particles lifting
induced by rolling stock motion (c), sand particles impact around the rolling stock (d).
upwards the rolling stock, it remains attached over the roof of the
train, then it separates on the downwind side giving rise to a strong
downwind vortex spanning about 0.5ℎ𝑡. The incoming crosswind flow
in the underfloor area is deviated downwards, it passes below the train
floor, and in-between the rails developing coherent structures spanning
the whole gauge characterized by the coalescence of two counter-
rotating vortices. Finally, coherent structures also occurs downwind
the downwind rail because of the interaction of the strong downwind
vortex, the crosswind flow passing below the train, and the relative
wind speed induced by the rolling stock motion.

Sand particles injection surfaces are identified by evaluating the
wind shear velocity induced by the passage of the train. Indeed, the
relative wind speed induced by the rolling stock motion in the un-
derfloor area induces 𝑢∗ values much larger than the threshold. In
particular, sand particles are injected in correspondence of the surface
of the domain where 𝑢∗ > 𝑢∗𝑡. The injector surface and injected particles
are represented in Fig. 11(b, c). It appears how particles with large 𝑑
are mainly injected where 𝑢∗ is higher, i.e. in the core of the injector
surface. Conversely, at the boundaries of the injector surface, where 𝑢∗
is lower, most of the injected particles have small values of 𝑑. Sand
particles are then entrained by high wind shear velocity resulting at
10
ground induced by the train speed 𝑣. In particular, Fig. 11(d) shows the
amount and the impacting angle 𝜗 of sand particles hitting a portion
of the simulated rolling stock. Most of the sand particles impacts the
rolling stock in the underfloor area with a small angle 𝜗 ≈ 0, due to the
train relative velocity 𝑣 and their trajectories following the coherent
structures occurring within the underfloor area. Entrained particles
progressively rise in height moving to the rear of the train, they are
transported crosswind towards the downwind side of the train, and they
are consequently lifted from the strong downwind clockwise vortex
shown in Fig. 11(a). Such an aerodynamic working principle may cause
particles of small diameter to reach the train roof. Such a behaviour
could be demanding for the heating, ventilation and air conditioning
system, normally installed over the train roof. Indeed, sand particles
may infiltrate preventing its correct operation and the health of the
coaches environment (Sim et al., 2018). As a result, Receiver SMMs
shall be properly designed to mitigate sand particles transport around
the coaches for the correct operation of high-speed trains in sandy
environments.

Within this framework, the proposed multi-scale CWE approach is
well suited not only within the windblown sand transport analysis
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stage, i.e. the pure assessment of the windblown sand action, but also
within the Sand Mitigation Measure (SMM) design stage.

Indeed, the CWE approach is well suited to sample the wide de-
sign space given its flexibility, accuracy, and relative cheapness with
respect to in-situ and wind tunnel performance assessment of different
SMM design solutions. SMM design solutions, have been categorized
into Source, Path and Receiver SMMs in Bruno et al. (2018b), with
each category aiming at mitigating a particular windblown sand trans-
port scale. In this framework, Source and Path SMMs are intended to
stop the vast majority of the incoming sand drift at macro-scale and
meso-scale, respectively. This allows to provide manageable working
conditions for complementary Receiver SMMs. Receiver SMMs are then
intended to deal with the filtered, low magnitude micro-scale sand
drift affecting e.g. rolling stock components (see e.g. the sand-resistant
solution proposed in Faccoli et al., 2018), or point-wise sand-sensitive
track components such as signalling devices or turnouts (see e.g. the
aerodynamic-based solution proposed in Horvat et al., 2022).

4. Conclusion

The present study aims at bridging the existing gaps between differ-
ent scales in windblown sand transport assessment by proposing a novel
multi-scale multi-physics approach to windblown sand action applied
on critical high-speed railway infrastructures.

Windblown sand transport is assessed starting from the largest
scale of transport. At the macro-scale, in-equilibrium ABL wind flow
and sand threshold velocity are defined through one-dimensional an-
alytical models. The wind velocity is defined in probabilistic terms
in both direction and magnitude, while sand physics is simply taken
into account in terms of sand bed resistance to erosion through the
statistical characterization of the particles threshold shear velocity. The
resulting probabilistic windblown sand drift allows to identify the most
endangered railway segments as the ones located in proximity of the
coast because of the strong coastal winds with high probability of
occurrence from the right side, while the statistical characterization of
incoming wind speed and threshold shear velocity allow to properly
set inlet and sand bed erosion boundary conditions as input for the
following meso-scale simulations.

At the meso-scale, sand erosion, transport, sedimentation and
avalanching are modelled by means of two-dimensional fully-Eulerian
computational simulations coupling wind aerodynamics and sand par-
ticle transport. Wind phase is modelled by adopting RANS turbulence
modelling, while sand phase is modelled by a first order model through
sand mass conservation, including the effect of advection by wind,
sedimentation by gravity, and diffusion induced by sand particles
collision at the wall. The progressive sand sedimentation occurring
around the railway body is extrapolated depending on the value of
the wind-sand interface velocity. This allows to assess wind flow, sand
transport and sand sedimentation around the whole railway body.
In particular, the resulting local wind flow and sand sedimentation
occurring in correspondence of the track allow to identify the zones
upwind and close downwind the upwind rail as the most prone to sand
sedimentation and then properly set injection surfaces for sand particles
and inlet boundary conditions as input for the following micro-scale
simulations.

At the micro-scale, sand particles transport is modelled by means
of three-dimensional Eulerian–Lagrangian computational simulations.
RANS turbulence modelling is adopted for the wind phase, while the
sand phase is modelled by Lagrange Multiphase Method in order to
explicitly model the trajectory of particles subjected to advection by
turbulent wind, sedimentation by gravity and lift by shear. The high-
speed running train is modelled through the set-up of moving wall
no-slip boundary conditions at ground. The resulting sand particles
dispersion around the rolling stock components allow to assess the
windblown sand action on the running train components in terms
11

of both sand particles impact and infiltration. In particular, most of
the sand particles impacts the rolling stock in the underfloor area.
However, the crosswind induced vortex may cause their progressive
lifting moving to the rear of the train leading to the eventual infiltration
inside the heating, ventilation and air conditioning system.

In the wake of this wide and novel multi-physics multi-scale mod-
elling approach, we suggest the following research perspectives. First,
one of the advantages of the presented modelling framework is its
modularity, i.e. different scale-modelling approaches can be adopted
for each scale. As a result, the robustness of the model can be inves-
tigated by varying e.g. model constants, turbulence modelling of wind
flow carrying phase and sand transported phase first/second order mod-
elling approaches. Secondly, given the probabilistic assessment of the
incoming sand drift, the proposed modelling approach can be adapted
to obtain a resulting probabilistic windblown sand action. This could be
achieved by uncertainty propagation modelling approaches commonly
adopted in CWE (e.g. García-Sánchez and Gorlé, 2018). Thirdly, the
effect induced by sand bed morphology could be investigated in micro-
scale simulations to assess the effect induced on the windblown sand
flow around the rolling stock, if any. Fourthly, in a design perspective,
the study highlights how such a modelling approach can be adopted
within the conceptual design and performance assessment of SMMs.
Depending on the windblown sand transport scale, the modelling ap-
proach can be easily implemented to assess the performance of different
SMM design solutions, but also to predict sand removal maintenance
frequencies. In particular, the SMM design solutions shall be modelled
within the part of the model related to the windblown sand transport
scale that is mostly affected by the implementation of the SMM.
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