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Abstract New ultra-long transnational railway megaprojects are currently
being planned or under construction. Along their route, they increasingly cross
arid and desert regions. In these regions, railways are vulnerable to windblown
sand. Several failure cases recently occurred, e.g. along the Linhai-Ceke railway
in China, or the Aus-Liideritz railway in Namibia. We consider windblown
sand as an environmental key factor, analogously to wind or snow drift. We
categorize its effects into Sand Ultimate Limit States and Sand Serviceability
Limit States. In the design perspective, the quantitative prediction of the
windblown sand sedimented along the railway is mandatory. We propose a
probabilistic approach to sedimented windblown sand modelling because of the
inborn variability of the phenomenon. The proposed method allows evaluating
the design value of the accumulated windblown sand volume for a given site.

Keywords Windblown sand - sand limit states - railway - Monte Carlo

1 Introduction

Railway megaprojects traditionally includes long and ultra-long railway projects
that are characterized by long-lasting impact on the economy, the environ-
ment, and society. Some historic examples are the Pacific Railroad (3.100
km, 1863-1869) in North America, and the Trans-Siberian Railway (9.200 km,
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Fig. 1 Built and planned railway lines in arid and desert regions

1891-1916) in Asia. New ultra-long transnational railway megaprojects are cur-
rently being planned (Fig. 1). The Arab League Countries have recently con-
ceived the Arab Network Railway, a 30.000 km long, high-speed /high-capacity
railway network across Middle East and North Africa. The Countries of the
Gulf Co-operation Council are building the Gulf Railway, a 2.217 km long rail-
way network. The Trans-Asian Railway Southern Corridor, within the broader
Iron Silk Road plan, is a 8.000 km long transcontinental network between Eu-
rope and Southeast Asia. The corresponding investments are significant: for
instance, the Middle East Countries have allocated about USD 260 billion to
build 40.000 km of railway tracks up to 2030. Given the extension of their
route, railway megaprojects cross different environments, and are subjected to
related specific environmental actions. The sand blown by the wind is the most
important specific key environmental factor that affects the design of railways
crossing arid and desert regions.

Windblown sand induced effects on railways range from construction delays to
service suspension and train derailment. They result in expensive track main-
tenance and sedimented sand removal. In order to mitigate windblown sand
effects, a number of windblown Sand Mitigation Measures (SMMs) have been
proposed in the last decade. SMMs generally aim at avoiding sand sedimenta-
tion on the railway track. In particular, the so-called Path-SMMs [1] promote
sand sedimentation away from the railway. Path SMMs mostly translate into
barriers located between the sand source and the railway.

Despite pioneering ad-hoc studies for specific projects, a systematic and com-
prehensive problem setting is still missing. As a consequence, the design, anal-
ysis and performance assessment of SMMs remain in the realm of qualitative
empiricism. In this study, windblown sand effects are categorized by the re-
sulting level of performance of the railway, and by corresponding sand limit
states. Then, we propose a probabilistic approach to windblown sand sedi-
mented around railways because of the inborn variability of both wind and
sand characteristics. The proposed method is applied to a case study in the
Arabic peninsula.
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Fig. 2 Sand Ultimate Limit States: full coverage by encroaching sand dune (a, explicit
publishing permission from the owner of the photo Giles Wiggs), partial coverage in a sandy
plain (b), jammed turnout (c), train derailment (d, reprinted from [6] with the permission
from the editor).

2 Windblown Sand Limit States

Windblown Sand Limit States (SLSs) are defined as threshold performance lev-
els, beyond which the infrastructure no longer fulfils its design criteria. SLSs
are separated into Sand Ultimate Limit States (SULSs) and Sand Serviceabil-
ity Limit States (SSLSs), analogously to safety formats widespread in Civil
Engineering [2]. Attaining SULS involves service interruption and/or passen-
gers unsafe conditions. Attaining SSLS involves railway partial loss of capacity
and/or passenger discomfort. SLS may be attained by one or more components
of the railway infrastructure, e.g. civil works, track superstructure, signalling
system, rolling stock. Some SLSs are described in the following. They are fully
reviewed in [3].

SULSs are mainly induced by civil works, when the railway embankment or
cutting are buried by sedimented sand. This schematically occurs under two
different environmental conditions. First, when a field of migrating dunes over-
runs the alignment (Fig. 2a). Secondly, when the line crosses a sandy plane
[4]: the overall railway body acts as an obstacle to the incoming wind flow; it
induces the deceleration of the flow around it, and the sand sedimentation in
turn (Fig. 2b). SULSs are attained when the full or partial coverage compro-
mises the infrastructure safety or operation. Once civil works attains SULS,
SULS can also be attained by the track superstructure. For instance, the sed-
imented sand may jam railroad switches, analogously to snow and ice in cold
environments (Fig. 2c). Service interruption necessarily follows, since switches
malfunction leads to train derailment or collision. The full coverage of current
segments induces the SULS of rolling stock, i.e. running train derailment [5]
(Fig. 2d).

Under SSLSs, windblown sand affects only a single component of the railway.
However, this can reverberate on the overall railway system performances, i.e.
its speed [7]. The sole SSLS attained by civil works is the partial obstruction
of culverts by sedimented sand (Fig. 3e). Among track superstructure SSLS,
the most common one is ballast contamination (Fig. 2a-c). It is generally
quantified by referring to a permitted level of contamination, quantitatively
expressed by the Percentage Void Contamination (PVC). In particular, an al-
lowable limit of PVC is set to 30% for a concrete sleeper track with a 250 mm
thick ballast layer [8]. Ballast contamination leads to a series of side effects,
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Fig. 3 Sand Serviceability Limit States: different levels of ballast contamination (a-c), rail
corrugation (d, reprinted from [12] with the permission from Elsevier), culverts obstruction
(e), contamination of fasteners (f), rail head corrosion (g, courtesy of Astaldi), contamination
of turnout components (h), downwind rail head (i, courtesy of Astaldi), wheel profiling (j,
reprinted from [13] with the permission from Voestalpine).

e.g. increasing of the stiffness and decreasing of the damping of ballast bed and
rail support modulus [9], accumulation of permanent deformation, rail corru-
gation (Fig. 3d). Other examples of track superstructure SSLSs are corrosion
and degradation of fastening systems (Fig. 3f), r.c. sleeper and rail (Fig. 3g)
due to the salt content of the sand [10]. Furthermore the sand induces abrasive
wear inside switches components (Fig. 3h), while the thin layer of sedimented
sand on the wheel-rail contract surface leads to rail grinding [11] (Fig. 3i), and
rolling stock wheel profiling (Fig. 3j).

The metric describing windblown sand effects and resistance can vary depend-
ing on the SLS. However, for most SLSs, the local windblown sand is defined
as the volume of sedimented sand around an SMM or a railway component.

3 Modelling windblown sand around railways

In the following, we propose a probabilistic model to assess the windblown sand
sedimented around railways by analogy with environmental actions in Civil
Engineering [14], e.g. wind, windblown snow or wind-induced ice accretion.
3.1 Incoming windblown sand

Windblown sand results from the interaction of two physical subsystems, i.e.

the wind and the sand. Among all transport mechanisms, saltation mainly
contributes to the total transported sand mass [15]. In particular, windblown
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Fig. 4 Wind-sand interaction during saltation

sand saltation occurs when the wind shear velocity wu, is higher than the aeolian
threshold shear velocity u.; (Fig. 4).

The incoming windblown sand is defined as the amount of sand carried by the
incoming wind undisturbed by any obstacle, in analogy to the incoming mean
wind velocity in wind engineering practice. The resulting sand transport rate
@ is defined as the integration of the sand flux ¢ along the vertical direction.
However, @ is usually estimated by means of semi-empirical models [15]. Such
models are macroscopic constitutive laws that do not explicitly account for the
variability of both wind and sand subsystems. The effects of the variability of
the sand subsystem on w,; have been investigated in a number of papers,
reviewed in [16]. The evaluation of @ in a fully probabilistic approach is firstly
introduced by [17], where both the variability of wind subsystem, i.e. speed
and direction, and sand subsystem, i.e. aeolian threshold velocity, are taken
into account. In this study, the following semi-empirical model is adopted [18]:

d a * .
Q=067 d—p—ui’ <1 — Zt> if Uy > Usy (1)

where d,=0.25 mm is the reference grain diameter, p, is the air density, g is
the acceleration of gravity.

3.2 Local windblown sand accumulation

The local sand accumulation is expressed by the time-cumulated sedimenta-
tion volume V. It is related to the incoming windblown sand by the sedimen-
tation coeflicient C. It depends on both the windblown sand yaw angle and
the geometry of the obstacle, analogously to the aerodynamic coefficients in
wind engineering. However, it is worth stressing a substantial difference: the
obstacle is now described by a virtual geometry that varies over time and de-
pends on the sedimentation volume. Given the lack of a closed form of Cj, its
semi-empirical expression can be obtained by wind tunnel tests and/or com-
putational simulations. Fig. 5a shows the conceptual scheme of the modelling
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Fig. 5 Local windblown sand accumulation: conceptual scheme (a), time-variant sand vol-
ume and probability of failure (b)

framework. The incoming windblown sand @);,, splits into the sedimentation
rate Qs = CsQ., and the outgoing transport rate Qour = (1 — Cs)Qipn. The
local accumulated sand volume V results from the time-cumulation of Q.
By analogy with common wind engineering practice, the incoming windblown
sand direction is assumed in the worst case scenario, i.e. perpendicular to the
obstacle. The generic obstacle splits the plane into two sides. As a result,
the Probability Density Function (PDF) of @, derives from the side-PDF of
the incoming wind speed, i.e. the non-directional PDF of the incoming wind
speed from the left or the right side. The PDFs of @, and @,,: can therefore
be obtained as

f(Qout) =1 = Cs(V)] f(Qin) (4)

Hence, the PDF of the accumulated sand volume can be obtained as the mix-
ture of convolutions:

g(V) =D (fi* fix...x fa) QPN = n] (5)

with f; = ffor i =1,..., N, where f(Qs) is the probability density function
of s and N is the number of occurrences in which the wind blows in that
direction over the reference time t. In order to assess the variables above, a
Monte Carlo approach based on bootstrapping techniques from a dataset of
observed wind values is adopted.

For a generic obstacle, a resistant sand volume can be defined according to a
given SLS, e.g. the sand volume that leads to the overturning of a vertical wall
for lateral earth pressure. In general, such a volume can be described by its
nominal value Vi whatever the nature of the obstacle is. Indeed, its degree of
uncertainty is much lower than the one of the sand volume. Hence, the basic
condition for a satisfactory state [19] is:

V(t) < Vg (6)
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Fig. 6 Scheme of the setup geometry and related state variables (a), sedimentation coeffi-
cients versus filling ratios (b).

Fig. 5b shows the time-variant sand volume through its probability density
function fy (t) and its mean value uy (t).
Given the nominal value Vg, the probability of failure py(t) is equal to:

ps(t) =P[V(t) > V] =1 — Fy (Vg, 1) (7)

where Fy, is the cumulative distribution of V. The characteristic failure time
T}, can be defined as the time during which the condition (6) is violated only
with a given probability py, i.e. py(Tx) = pyr. Assuming the monotonous
function V(¢), ps is also monotonous and its inverse function can be defined.
Hence, the failure time can be derived as

Ty = ;" (ps) (8)

4 Explorative application

In the following an effort is accomplished to put the proposed model at work
aimed at demonstrating the technical feasibility of the approach in an engi-
neering perspective.

The selected site is in the Arabian peninsula, along the North-South railway
line. The railway alignment around the site develops along the West-East direc-
tion: it follows that the incoming sand transport rate @Q;, attacks the railway
from the North side and South side. The mean sand grain diameter is equal
to d=0.35 mm. The aerodynamic roughness z; is equal to zg = 4e —3 m. The
wind velocity in situ measurements refer to 6 years from Jan 2007 to Dec 2012.
The 10-min average wind velocity Uyg is recorded with a sampling yaw angle
A0 = 10° and a sampling time interval At = 1 hour. Fig. 6a shows the scheme
of the setup geometry, and related state variables for a single side of the rail-
way corridor. Such a scheme results directly from the general one in Fig. 5, by
putting in series three obstacles, i.e. an SMM, the railway embankment, and
the railway track. The same scheme holds for the opposite side of the railway.
The height of the SMM and of the embankment are set equal to 4 m and
2.5 m, respectively. A double-track railway is considered, with a 0.25 m-width
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Fig. 7 Incoming wind statistics: setup geometry (a), wind rose (b), wind speed time histories
(c), non-directional wind speed probability density functions (d), wind direction discrete
probability density function (e).

ballast bed. The considered SMM is a common Straight Vertical Wall (SVW)
[1]. The sedimentation coefficients Cy as a function of the dimensionless sedi-
mented sand volume are plotted in Fig. 6b. They are obtained from [20]. Due
to the lack of data on the railway track, its C is conjectured constant up to
the filling of ballast voids (PVC=100%), and then linearly decreasing up to
the maximum sedimented sand volume V. The sand sedimented around the
SMM and the embankment is planned to be removed when their sedimenta-
tion coefficients are lowered by 20% and 50%, respectively.

Both Ujg and u.; are random variables according to [17]. Monte Carlo sim-
ulation account for about 22e+6 realizations for each obstacle. The results
discussed in the following refer to the attainment of SULS for full covering of
the track under North winds only.

Fig. 7 shows the full wind rose (b), the time history of the non-directional
wind speed incoming from both North and South railway sides (c), and the
resulting statistics of both the wind speed Uy (d) and direction 6 (e). f(Uig)
is classically Weibull distributed. Fig. 8 gives an example of the framework
at work, with regard to SVW and incoming wind from North side. For each
obstacle: (a-c) plot 1-year long time histories of the incoming and filtered sand
transport rate; (d-f) collect the realizations of the time-varying sedimented
volume and related statistics, i.e. mean values p and i-th percentiles pyp; (g-1)
provide a close-up view of the PDF of the sedimented volume, the nominal
sand resistance, the time varying resulting probability of failure, and the char-
acteristic sand removal and failure times T}, corresponding to psr=1%. The
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Fig. 8 Sedimented sand volume on SVW, embankment and track under North wind. Sand
transport rate time histories (a~c) and time-variant accumulated volume (d-i).

sand transport rate is progressively reduced by in series obstacle filtering. The
sedimented sand volume statistics for all obstacles share a horizontal asymp-
tote at V;, while their trends depend on the sedimentation coefficient of each
obstacle. The design value of the sand volume V; corresponding to a target
failure probability, e.g. Pr =~ 1076 for SULS, can be evaluated by the same
proposed fully probabilistic approach, provided a large enough number of real-
izations are obtained. The corresponding sand removal and failure design times
derives from eq. 7 and 8, i.e. Ty = p?l(PF). The SULS partial safety factor ~
can be derived a posteriori as v = V4/V}, in a semi-probabilistic perspective.

5 Conclusions

We proposed the innovative probabilistic evaluation of the windblown sand
accumulated volume on railways. The proposed framework allows evaluating
sand removal and failure design times, and associated partial safety factors.
The resulting safety format paves the way to the rationale design of sand
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mitigation measures and sand removal planning from both the sand mitigation
measures and railway tracks.
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