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Abstract

Railways play a critical role in connecting urban and rural regions, thereby promoting the economic sectors of a
country. Nevertheless, railway tracks may suffer from several infrastructural problems and deficiencies including
sand drifts, particularly in arid and semi-arid regions. This research aims to provide an analytical review of sand-
laden drifts and winds, and the measures that can alleviate their impacts on the Aqaba railway tracks, Jordan. It
also studies the influence of phosphate deposition as a result of trucks’ passage on the railway tracks. General
and practical recommendations from a socio-geographical context are also highlighted in view of proposing
tactical solutions and identifying prospects for upcoming research to advance the technical and economical
efficiency of the Jordanian railway network.
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1. Introduction

The Jordanian railway system consists of two major lines. The first line, comprising of 293.7 km, falls under the
jurisdiction and management of the Aqaba Railway Corporation, which is devoted to the transportation of
phosphate minerals from mining sites to the port of Aqaba. The second line (327.8 km) is the Jordanian Hijaz
Railway, which extends from the Jordanian-Syrian border in the north through Zarqa, Amman, and Ma’an to the
Saudi border in the south (Fig.1). The Jordanian Hijaz Railways supports limited passenger services and freight
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Figure 1. Map of the main Jordanian railways: red colour represents the first line (Agaba Railway), and green
colour displays the second line (Jordanian Hijaz Railway)

The Aqaba Railway line is exposed to two syncretistic phenomena. One of them is a human-induced
phenomenon caused by the fall of phosphate from the wagons onto the railways (Fig.2). When phosphate
material falls on the railway body (ballast), phosphate penetrates between the spaces in the ballast, which causes
alterations in the work of the railway body from an elastic state to a rigid state. Subsequently, this leads to cracks
in the rails and corrosion of the train’s wheels. The second is a natural phenomenon that results in the
accumulation of air-laden sand on the railways when the wind blows over the deserts (Fig.3). In addition, the
seasonal temperature variations influence the railways (i.e., expansion, contraction, cracks...etc). The
higher/lower temperatures could lead to traffic disruptions and lead to damage to the track railways. Heavy
rainfall can cause flooding and temporary closure, which can result in the requirement to re-route sections of the
track. Rainfall also leads to rusting of railways.
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Figure 2. Use of special tools to remove phosphate materials falling from trucks on Aqaba railways

Figure 3. Sand encroachment on the Aqaba railway line

Sand drift is an important criterion in the design of railways in arid and semi-arid sandy deserts (Mehdipour
and Baniamerian 2019, Lagum and Elektorowicz 2022). The amount of creeping sand depends on the wind
speed and direction, land topography, size and density of sand grains, time of wind blowing, and presence of
natural and artificial obstacles in the area, which are factors that can impact the geometric shapes of the railway
tracks (Bruno et al. 2018, Raffaele and Bruno 2018). Extensive studies have been carried out on different types
and sizes of sandy and creeping dunes (Al-Awadhi et al. 2005, Raffaele and Bruno 2020, Horvat et al. 2021). It
was found that they take several geometric shapes including wavy-sand layers, rectangular dunes, around dunes,
isolated dunes, longitudinal dunes, transverse dunes, sword dunes, star dunes, isolated crescent-shaped dunes,
and paired crescent dunes (the paired crescent dunes are an advanced stage of crescent dunes) (Zhang et al. 2010,
Rahdari and Rodriguez-Seijo 2021, Sampath et al. 2022). Isolated crescent-shaped dunes are the most
widespread sandy and creeping dunes in the area of study.

The formation of the dome, ellipticalor crescent-shaped dunes along the railroad bed of Aqaba is caused by
the movement of sand with the direction of the wind. The rate of dune formation depends essentially on wind
energy, where the most crescent dunes formation range between 10-15 m/year (Hamdan et al. 2016). The
formation of elliptical and semicircular dunes, on the other hand, ranges between 8-12 m/year. Fluctuating
seasonal winds accentuate the dune formation along the Aqaba railway line, as the path of the dunes across the
railway line, which is located between Haswa station located at 22+705 km to Amran station located at 88+901
km (Fig.1). In the Aqaba region, the sand movement is the most dangerous phenomenon on the railway.

The encroachment of sand on railway lines can cause numerous problems including obstruction of traffic
and delay in scheduled routes (Behbahani 2015, Middleton et al. 2019). The accumulation of sand is usually
irregular, leading to one of the bars being submerged in a thick layer of sand and the other free of sand (Fig.3).
This creates a difference in the coefficient of friction between the surface of the rails and the wheel rims and
exposes the trains to non-parallel slips.

The impact of sand particles on the train wheels increases as they rotate over the sections that are exposed
to the accumulation of sand. It was found that the wheels in these areas are subjected to rolling flows that project
outside the normal track of the wheels which may lead to slips. The difference is apparent between the wheels
that run on bars covered by sand and those running on the lines free of sand (Fig.4).

Practical experiments have been conducted to study the corrosion of the wheels and rails on one and two
sides of the rails. We did also experiments on locomotive rotation and these experiments changed the direction
of wear for the rails. It was proven that sand drift is a major issue in railway design in arid sandy deserts. Given
the increasing volume of new railway constructions and train speeds, it is important to adopt the necessary
measures to ensure the safety of railway construction and to coordinate the movement of trains, in addition to
performing frequent maintenance of the rail network. The practical experimental results will be presented in a
future publication.
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Figure 5. The effect of sand on the movement and corrosion of wheels and rails
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Figure 6. The path of the dunes is perpendicular to the Aqaba railway lines

2. Approaches for Solving Sand Encroachment
2.1 The Following Highlights are Specific Strategies to Remedy Sand Encroachment on Aqaba Railway:
1. Identification of areas that are highly prone to sand encroachment to ensure their protection.
2. Assessment of the climatic conditions and suitability of the sandy-area to the plant environment.
3. Evaluation of side slopes of the railway bridge to prevent sand from leaking and accumulating on the
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bridges (railway flats).

4. Establishment of field stations equipped with instruments for sand observations and climate monitoring.

5. Implementation of adaption strategies, as well as application of lessons learnt when designing new
railway lines.

6. Establishment of geomorphological maps displaying geological and topographical characteristics of
exposed areas to sand encroachment.

7. Promoting vegetation covers and plant breeding in the area to capture and hold land.

2.2 Mechanical, Chemical and Biological Strategies:
2.2.1 Mechanical Processing:
The mechanical solution involves:

1. Isolating or removing the sand manually or by automated means from the railway lines (Fig.4).

2. Correcting the slopes of the line’s path bridges and roughening them.

3. Introducing clay, steel, or wooden barriers on both sides of the line as fenders to protect against sand

encroachment and prevent its accumulation on the railways (Fig.7 and Fig.8).

Although mechanical treatment provides temporary protection for the railway, it is a necessary measure to
ensure the safety of trains and is highly recommended prior to implementing the first stage of biological
treatment.

Figure 7. Examples of steel barriers (Bruno et al. 2018)
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Figure 8. Barriers in the form of flat fences: (a) solid (b) permeable (c); shafts (d), ditches, and (¢) ditches (Bruno
et al. 2018)
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Figure 9. Some common installed concrete barriers to decrease sand deposition on the railway tracks. Straight
vertical walls examples: a) precast r. c. modules (R. Mendez, Mendez, 2016 from Bruno et al. (2018); b) slanted,
overlapped modules Zhang et al. (2010); c¢) alignment of vertical sleepers (curtsey of Astaldi). Straight vertical
wall sedimentation patterns: d) free-standing concrete wall (Boulghobra 2015); ); ¢) gabion wall adjacent to the
toe of the railway embankment (curtsey of Astaldi); and f) horizontally stacked sleepers (Boulghobra et al. 2016)
2.2.2 Chemical Processing:
This solution involves spraying adhesives such as oils or oil derivatives over the sandy soil to stabilize and limit
the movement of sand particles.
Although chemical treatment may provide satisfactory results, there is almost unanimity in rejecting this method
because it is not permanent and requires spraying adhesives that may have harmful repercussions on the
environment, particularly on surrounding vegetation.
2.2.3 Biological Treatment:
Biological protection measures aim at cultivating sand-friendly plants (i.e., psammophytic) on the most durable
quicksand. Examples of psammophytic plants include sea sandwort and saltwort, marram grass, creeping
buttercup, creeping willow, and festuca rubra. However, this essential and environmentally-friendly measure
takes a long time due to various reasons affecting its possibility and effectiveness, and it is not always possible to
implement, particularl}: f;(_)r seasonal plants.-

Figure 10. Psammophyitic plants

Several researchers recognize the need to use technical engineering measures as support to increase the
effectiveness of agroforestry measures such as physical and chemical methods to enhance the structure and
mechanical properties of soils (Cherubin et al. 2019, Feng et al. 2019, Li et al. 2019). Sand erosion (creep) and,
measures to mitigate its impact on the railway track (the layer line) create favourable conditions for seed
germination and protect seedlings and cuttings from being blown by the wind.

The formation of dunes is reinforced along the bottom of the Alagba railway, in which the wind carries sand
to the unprotected path. It is enshrined in railway design standards in conditions of sandy deserts, as well as in
the rules for the protection of railways. Rules for the protection of railways from unfavourable phenomena have
to be clearly identified. Also, the strengthening of the sandy areas adjacent to the roadbed should be considered
by regular planting of trees, shrubs, and weeding of native species, as well as integrating the biological methods
with technical procedures proven by the Green Belt System.

The experiments carried out by the Aqaba Railway Corporation indicated that the biological solution was
the best, optimal and permanent measure. Biological treatment has multiple advantages in addition to its primary
task in securing the protection of vital installations including railways. The performed studies were conducted to
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reduce the cost of this treatment, which was significant in the past. However, the results showed that cost is still
an obstacle to adopting this solution, making it optional when necessary. Progress in biological treatment led
experts to germinate crops, suitable and adapted to desert conditions, that are cheap and do not require
continuous watering. Researchers also identified another solution for this treatment that depends on dry watering
for germination, in which replaces continuous watering of crops and achieves the desired goal of this treatment
at the lowest costs.

The so-called mechanical stabilization of technical measures is also used to prevent the source of shrinkage
and intercept sand deposition from the stream, which achieves a quick result in sand stabilization with sand and
preventing sand erosion. The mechanical method is performed by installing on the surface of solid barriers,
porous fences, ditches, dams, hills and ditches, as well as chessboard devices (Fig. 11 and Fig. 12).
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Figure 11. Wind flow mean streamlines and related sedimentation levels around: (a, b) solid , (c, d) very low
porosity fences (f < p0), (e, f) low porosity fences (B0 < B < Bc ), (g, h) high porosity fences (p > Bc ). Sand
sedimentation levels scale: Dz 4 5Dx (Bruno et al. 2018)
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Figure 12. Volume-like SMMs. Wind flow means streamlines around a) a dyke, and b) a ditch. Sand
sedimentation levels around c) a dyke, d) a ditch, e) a dyke, and f) a ditch

2.3 Basic Measures and Strategies to Mitigate the Impact of Wind and Sand Flow on the Infrastructure in Sandy
Deserts:
2.3.1 Technical Protection
Technical approaches include chemical improvement, mechanical protection, and change of track superstructure
design among others. Organizational and economic approaches include reducing livestock grazing and fence
installation. These classifications are very general and do not reveal the interaction and mutual influence of
different sets of techniques and methods, nor specify the scope of each of them, or differentiate the degree of
drifts.

The analysis of empirically-tested technological solutions is considered as an attempt to classify measures
of protection against drifts and shrinkage. This is depending on the purposes, methods and means used: (i)
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preventive, (ii) vegetative coagulation, (iii) engineering coagulation and (iv) complex coagulation. The
classifications of sand mitigation measures on railways are grouped based on the intended objectives. This
solution depends on the existing vegetation cover and planting trees suitable for the climate and the dry desert
nature (Li et al. 2004, Zakeri 2012, Pearlmutter et al. 2020).

Fences and shields can be used based on simulations and experimental testing of aerodynamic (Fig. 13).
Raffaele and Bruno (2018) proposed a probabilistic model to evaluate the windblown sand sedimented around
railways by analogy with environmental actions (i.e., wind, windblown snow, and wind-induced ice accretion).
They found that the upper part of the vertical barriers must be curved in the direction of the wind and form a
deflection as the use of snow-blown fences and shields as effective protection measures. Nonetheless, this
approach requires intensive technical resources such as labour, material and equipment. Therefore, this approach
may not be technologically and economically viable, except in the cases when it is used in combination with
other measures in the context of creating a forest belt.
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Figure 13. Construction of sand-transfer barriers: (a) Rahim (1945); (b) Guangyong and Peng (2012); and (c)
(Sato and Ono 1990)
2.3.2 Volumetric Protection
The Arabian Peninsula has widespread use of different fence and shield types as volumetric protection. Trenches,
columns, and trenches have three dimensions: length, height, and width. By contrast, fences and shields have
only two dimensions: length and height. Volume baffles also include low baffles made of reeds, straw, palm
branches, and other plant-based materials, in addition to synthetic woven and non-woven materials in the form of
cells called a chessboard device. This is because they have three dimensions: the size of the cage in the scheme
(length and width) and height.
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Figure 14. Cell protection from reeds: (a) placement of standing rows of reeds and (b) sand deposits; cell states:
(c) initial, (d) in the process of filling with sand and (e) filled with sand (Raffaele and Bruno 2019)

2.3.3 Physical and Chemical Measurements

Several researchers have experimentally tested various binders to develop the theoretical and practical
foundations of the physicochemical methods for the fixation of mobile dunes (Stipho 1992, Dong et al. 2004,
Bruno et al. 2018, Raffaele and Bruno 2020). Kuldasheva et al. (2015) examined a number of polymers through
which a list of physicochemical methods were provided, classifying these methods following the structure of
molecules, molecular weight, and the criterion of the used materials. Another study reported that there was no
obvious pattern for the influence of molecular weight on the impregnation process and the formation of the
structure layer of the rigid sand (Mirakhmedovich et al. 2021). Unquestionably, the classification relating to the
sort of bonds framed between the sand particles is significant. Muzaffarova and Mirakhmedov (2021) have made
a significant contribution to the advancement of methods, proving the role of physical and mechanical
characteristics of materials as well as the parameters of protective layers resistant on the reduction of wind-sand
flow impacts.

Another promising technique is the cultivation of biological biomass on the sand using cyanobacteria and
other types of algae (Roman et al. 2020). Such technique is biological and environmentally-friendly, and is
considered as the most promising measure, resulting in the obstructive of shrinkage source and works as a
protective shell.
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This method of reflective mats was used, where the steam current rising from the ground to the atmosphere
through the desert sands is the cause of its destruction. It is also possible that this method is the cause of its
greening. To lock it up and intensify it and return it to water for desert watering, and to benefit from it in its
cultivation, and the task of the reflective mats is to increase the fishing area to intensify the water to the extent
that is sufficient for watering sandy-plants.

3. Major Problems Facing the Jordanian Railway Network
1. Phosphate falling from trucks while passing on the Agaba railway.
2. Sand encroachment on the Aqaba railways.
3. The presence of parts of the railway that is not higher than the level of the natural ground, which helps
in the accumulation of transported sand with the air inside the path.
4. The presence of apparent gradients in the railways, which are confined to areas of sand encroachment
on the railways, as shown in the pictures for that area.
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Figure 15. Ventilation holes at the bottom of the two rails that allow the wind-carrying sand particles to pass
through. Venturi effect-based: a) humped sleepers scheme. Streamlines in the section: x-z (b), X-y (¢). d) humped

sleepers. Qualitative sand accumulation levels in the section: x-z (¢), x-y (f) (figures reprinted from: Bruno et al.
(2018)

4. Recommended Applications to Mitigate Sand-Drift Impacts on the Jordanian Railway Network
1. A promising measure to eliminate sources of shrinkage is the cultivation of cyanobacterial biomass.
This approach is considered as a friendly measure to combat sand erosion.

2. Increase the ventilation holes at the bottom of the two rails that allow the wind-carrying sand particles
to pass through.

3. Placing obstacles made of ballast material in the direction from which the wind blows.

4. Use and spray oils on both sides of the railway bridge.

5. Increase the number of sand barriers.

6. Adjusting the slopes of the side bridges and making them more streamlined to allow the passage of

wind without any obstruction or stopping.

7. Adoption of the sand tenders that are made of wood, iron, or concrete sheets to prevent sand and
phosphate from penetrating the ballast, as they have proven to be effective in protecting railways from
accumulating quicksand.

8. The use of reflective mats for sunlight in large areas, as this experiment was successful in desert places,
particularly areas of sand encroachment on railways.

9. Covering the dunes with a mixture of cement and sand or a mixture of gravel and clay, which is less
expensive than other methods.

10. Using planes to scatter the seeds of grain that can grow and flourish to help stabilize the dunes.

11. Phosphate is a non-renewable resource with a limited reserve on the ground (Adam and Elektorowicz
2017, Adam; and Elektorowicz; 2018, Lagum 2021), thereby phosphate recovery methods from the
railway line should be considered.

The above recommendations are specific to desert environmental conditions. Nevertheless, some of them
can be implemented to maintain sustainable infrastructure in the cold regions by referring to actual, specific
project constraints, economic, and environmental scenarios for each construction (i.e., railway lines, water
systems ...etc.) (Di Bernardino et al. 2015, Elektorowicz et al. 2016, Adam and Elektorowicz 2017).

Future studies should focus on the impact of Agaba railway infrastructure on the surrounding environment and
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tracking the fate of phosphate materials since it causes environmental contamination, particularly for surface and
groundwater resources (Adam and Elektorowicz 2017). The majority of environmental effects within Agaba
railway system are caused by rails, ballast, sub-ballast, and civil engineering constructions. With nearly 50%,
production of rail steel is the tremendous source for greenhouse gases (GHG) emissions within a high-speed
railway track construction (Landgraf et al. 2022).

5. Concluding Remarks

This research contributes to increase knowledge about the influence of sand-laden winds and their flow on the
Jordanian railway trails. The Aqaba city railway system appeared to suffer from combined damage by wind-
blown sand and phosphate deposition as a consequence of wagons’passage on the railway lines. With the climate
changing and human activities increasing (i.e., mines, phosphate transportation...etc.), sand damage along the
railroad track will increase in the future. Albeit numerous sand-control measures were taken on, the damage of
wind-blown sand is still severe in the Aqaba railroad track. As indicated by other studies on sandy-desert regions,
the application of fences and blown snow shields as measures to protect railway lines from sand drifts is
acceptable only by their use in integration with other measures in order to establish a forest belt. It is strongly
recommended that the cultivation of cyanobacteria biomass on the sand, which is a beneficial measure for
eradicating sources of deflation. The cultivation of cyanobacteria biomass creates a defensive layer, to act as an
example of an astringent-sand defensive crust. Furthermore, it is suggested that more investigations should be
conducted on sand encroachment assessment by modelling future climate change.
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