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Abstract
In the present work, wind tunnel experiments and numerical simulations were carried out to evaluate the physical behaviour
of the fluid flow of a stockpile in the presence of an isolated cubic building. Comparing the obtained experimental results with
those for the isolated stockpile configuration and observing the differences in the erosion patterns and emission estimates
was possible to conclude that (i) the emissions considerably increase due to the presence of the building; (ii) the higher
the free stream velocity, due to the presence of the obstacle, the more efficient the dynamics of the pavement process;
and (iii) the increase of the gap between the building and the pile does not generate expressive changes in the emitted
mass measurements. These findings play an important role since it is possible to obtain an optimal industrial open yard
configuration where fewer particles are emitted to the atmosphere.
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Introduction

Wind erosion process can lead to several environmental
consequences as desertification, land degradation, loss of
material and increase of particulate concentrations to the
atmosphere. The air pollution is of particular interest since
it has a direct impact on human health, mainly in regions
with high availability of diffuse sources such as ore and coal
stored in piles on open yards of industrial units.

Wind erosion is dominated by the aerodynamic forces
(drag and lift forces) that act to remove the particle from the
surface and by the gravity and cohesion forces that act to
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restrain its movement. The aerodynamic forces are usually
quantified by means of the friction velocity, u∗ (square
root of the ratio between wall shear stress and density),
a variable characteristic of the boundary layer flow that
represents the conceptual value of shear stress, τ , on the
surface. The gravity and cohesion forces are considered
by the threshold friction velocity (u∗t ), which defines the
minimum friction velocity in which particle movement is
initiated (Shao 2008). The balance between the friction
velocity and the threshold friction velocity determines a
criterion (Bagnold 1941; Iversen and White 1982; Foucaut
and Stanislas 1996; Shao and Lu 2000) that is used to verify
if particles will take-off. If the wind friction velocity is
greater than the particles threshold friction velocity (u∗ >

u∗t ), the particles will move. These particles are known as
erodible for the referred wind flow velocity. Otherwise, if
the friction velocity does not trespass the threshold value
(u∗ < u∗t ), they will be called non-erodible and they will
not take-off. A very common take-off criterion used is from
(Shao and Lu 2000):

u∗t = 0.11

√
ρp − ρ

ρ
gD + γ

ρD
(1)
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where ρ is the air density (kg/m3), ρp is the particle density
(kg/m3), D is the particle diameter (m), g is the acceleration
due to gravity (m/s2) and γ is a parameter called surface
energy that characterises cohesion (kg/s2).

It is important to discuss that u∗t is related to
the material and surface of agglomeration properties,
such as texture, moisture, density of the material and
particle size distribution, while u∗ is related to surface
aerodynamic properties and atmospheric flow conditions
(Shao 2008). However, specific scenarios in the context of
industrial open yards can also influence these properties, as
stockpiles geometries and structures in the surroundings, as
equipments, buildings and even other stockpiles.

Caliman (2017) and de Morais et al. (2018) have shown
that the inclined surface of the stockpile causes a strong
influence on the gravity force and consequently on the
threshold friction velocity. Based on the angle, θ , at which
the fluid flows over the surface, the threshold friction
velocity is modified. If the flow is ascending on the
stockpile surface, it is against the gravity force causing an
increase in particle threshold friction velocity being harder
to emit. If the flow is descending on the stockpile surface,
the shear stress is in the same direction of the gravity force
causing a decrease in threshold friction velocity being easier
to emit. The angle θ (Caliman 2017) and its influence in the
threshold friction velocity (Iversen and Rasmussen 1994)
are given by the following relations:

θ = arcsin(τz/τ) (2)

where τz (Pa) is the vertical component of the shear stress.

u∗t (θ)2

u∗t (0)2
= cos θ + sin θ

tan ξ
(3)

where ξ is the internal friction angle. The u∗t (0) refers to
the threshold friction velocity of a particle on a bed. u∗t (0)

can be obtained through several techniques, as wind tunnel
tests or sieving.

Turpin and Harion (2010), Ferreira and Fino (2012),
Ferreira et al. (2013) and Furieri et al. (2012a, b) have
shown that the surroundings can influence the shear stress
distribution patterns over the stockpile surface causing an
increase on the emitted mass depending on the distance and
position of the obstacle next to the pile in relation to the
incoming flow.

Turpin and Harion (2010) performed numerical simu-
lations of a fully industrial site that was composed by
buildings and stockpiles. Four main wind flow directions
were tested in relation to the longitudinal side of the stock-
piles. The stockpiles were 10 m high and the two groups of
buildings considered had the mean height of the 90 m and
30 m. The authors showed that the buildings behave as huge
obstacles for the wind flow and largely modify the flow
structures over stockpiles mainly for the orientations of 90◦

and 45◦. According to emission estimates, it can increase up
to 1525% with the presence of buildings for these wind flow
orientations.

Ferreira and Fino (2012) proposed to study, through
wind tunnel experiments, the erosion that occurs when two
stockpiles are placed in tandem. The piles had 60 mm high
(H) and two lengths were tested, L=5H and L=6H. Two
upstream velocities, 8.3 and 9.1 m/s, and two distances
between the piles, D=0 and D=H, were tested. The results
showed that for the lowest tested velocity the upstream
pile remains practically unchanged and the downstream pile
is considerably eroded. On the other hand, for the largest
tested velocity, it was observed the entire erosion of the
downwind pile. Finally, when the distance between the piles
was analysed, the results showed that for distance D=H, the
erosion is less compared with the distance D=0. It seems
that small distances result in a more eroded downwind pile
probably due the recirculation bubble generated between
both piles. Ferreira et al. (2013) performed wind tunnel
experiments similar to Ferreira and Fino (2012). Numerical
simulations validated by the experimental work were carried
out to complement the study. Detailed results were obtained
by numerical simulations and the recirculation bubble
between the piles was confirmed.

Furieri et al. (2012a, b) performed numerical simulations
in order to compare the emission of an isolated stockpile and
two parallel stockpiles. The stockpiles were oriented 60◦ to
the main flow and two gaps between them were tested, 1e
and 2e (where e is equal 0.894 times the stockpile height).
In all cases were considered the upstream velocity of 6.5
m/s. The numerical results showed that an isolated stockpile
emits less dust than when each stockpile is placed next to
another. The protection effect pointed out by other authors
(Cong et al. 2012; Diego and et al 2009) was not observed
for this type of stockpile configuration.

Despite the use of numerical simulations being very
useful to obtain more detailed results of the shear stress
distribution over the stockpile surface (Badr and Harion
2005; 2007; Toraño and et al 2007; Diego and et al 2009;
Turpin and Harion 2009; Faria and et al 2011; Farimani
et al. 2011; Furieri et al. 2012a; Derakhshani et al. 2013),
except by the study of Ferreira and Fino (2012), the studies
cited in the present work about surroundings effects on
stockpile emissions did not perform experimental work.
Experimental simulations are an important tool to validate
numerical simulations and better visualise the erosion
evolution over the stockpile surface, since, numerically the
stockpile surface has been considered as a smooth and rigid
wall as a simplification.

Recently, several researches have been carried out both
numerical (Fang and et al 2018; Hilton and Cleary 2013;
Kim and et al 2017; Liu et al. 2018; Jeong and et al 2014;
Novak and et al 2015; Romeo and et al 2017; Ferreira
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et al. 2019; Liu et al. 2019) and experimental (field and
laboratory) (Bachelet and et al 2018; Cong et al. 2016;
Cong et al. 2013; Ferreira et al. 2019; Funk et al. 2019;
George and et al 2017; Giunta 2020; Walter et al. 2016)
approaches in order to evaluate dust emission and transport
in the atmosphere. The present work has as main objective
to understand the phenomena of granular material storage
piles erosion through both techniques simultaneously. In
addition, the major part of the variables and discussions
presented was not found anywhere in the literature.

In the present work, wind tunnel experiments and
numerical simulations were carried out to evaluate the
physical behaviour of the fluid flow interacting with
stockpiles and to quantify the emission of a stockpile in the
presence of an isolated cubic building. The orientation of the
building to the main flow, the free stream velocities and the
distance between the building and the pile were investigated.
In order to better represent the reality, the experiments
were performed with a mixture of erodible and non-erodible
particles, since the non-erodible particles create low shear
stress zones that also influence the emission not allowing
the u∗t to be reached (Crawley and Nickling 2003; Furieri
et al. 2013; Gillette and Stockton 1989; Gillies and et al
2015; Iversen et al. 1990; Marshall 1971; Marticorena and
Bergametti 1995; Miri et al. 2017; Raupach and et al 1993;
Tan and et al 2013; Leon Lyles and Schmeidler 2013;
Raupach 1992; Turpin and Harion 2010).

Experimental study

The experimental work was performed in a wind tunnel,
schematically presented in Fig. 1, with the following main
dimensions: Hs = 0.80 m (height), Ws = 1.50 m (width)

and Ls = 8.12 m (length). The thickness of the boundary
layer (δ) in the test section was sufficiently larger than
the height of the stockpile h (δ = 16 cm and h = 7.7
cm). Honeycombs and very fine grid were placed upstream
and downstream the test section as an important function
to break-up the great flow features coming from the inlet
region and to prevent ventilator perturbations at outlet
region. Besides that, multiple small cubic obstacles were
set upstream of the test section in order to ensure the
formation of a fully developed turbulent boundary layer.
Moisture and temperature effects were not considered since
the experiment was not performed in any extreme conditions
of cold or hot weather. A photographic camera (Nikon D-
100) was installed over the glass test section to register the
evolution of wind erosion.

The stockpile models were formed inside the wind tunnel
using a hopper and a mould (where the sand was discharged)
with the same chosen volume and surface shape. The sand
stockpile model was 7.7 cm high, 23.6 cm long and 57.9 cm
wide with a 34.5◦ rest angle. Sand with density equal to
ρp = 2, 630 kg/m3 was used to compose a bimodal granu-
lometry mixture with 80% of white sand (56.0 to 194.2 μm)
and 20% of black sand (700.0 to 1300.0 μm). The colours
of the sand allow the visualisation of high shear stress zones
marked by accumulation of non-erodible particles, expected
to be the black sand particles for all tested velocities based
on Shao and Lu (2000) criterion.

Tests of repeatability for free stream velocity of 8 m/s
were carried out to assure that the results obtained could
be compared with each other. It was necessary to guarantee
that (i) the initial mass of the stockpiles and (ii) the particle
size distribution over the stockpiles surface had the same
averaged value. The two types of sand were mixed up with
a mixer and, after assembling the piles, measurements of

Fig. 1 Schema of wind tunnel experimental setup (the dimensions are in meters)
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the initial and emitted mass were performed in triplicate.
The results showed good agreement between the triple
measurements, with averaged initial mass of 6190.0 g
and averaged emitted mass of 325.53 g. The experimental
emitted mass was obtained by the difference between the
initial and final stockpile weights. The weighing device was
the electronic balance BEL Engineering Mark K30.1 which
has a resolution of 0.1 g.

The isolated cubic building was made by steel and its
dimensions were chosen (Hb = 10cm) to obtain a cubic
building higher than the stockpile. Photographs were taken
at the beginning of the experiment and every 30 s up to
5 min. The last picture was taken after 15 min which
no more emissions were observed, that is, the pavement
of the pile surface was reached. The methodology of the
experiments carried out is the same used in previous works.
For more details, see the works of Furieri et al. (2012a),
Furieri et al. (2013) and de Morais et al. (2018).

Three parameters were varied during the experiments: (i)
distance between the building and the pile, with gaps of 0.5
and 1.5 times the cubic model height Hb; (ii) orientation
of the cube to the main flow, with angles of 90◦ (face-on)
and 45◦ (edge-on) relative to the pile; and (iii) free stream
velocities, 7, 8 and 9 m/s. Figure 2 shows a schematic view
of the tested configurations.

It is important to clarify some aspects about similarity.
All dimensions of the model are related to the corresponding
dimensions in full scale by a constant scale factor (1:200).
In the same way, the velocity direction and magnitude acting
on the stockpile model may correspond to the same free

stream velocity value acting on the full scale stockpile.
The Reynolds numbers are about 105 and 107 in wind
tunnel and full scale, respectively. The Reynolds number
of the experiments (105) reaches the independence criterion
(above 104 according to Woodruff and Zingg (1953)), which
would be enough to reach similarity between the model
and the prototype (White 1996) for what we propose in the
present work (Aliabadi 2018; Chew et al. 2018).

Numerical simulation setup

The numerical simulations were carried out in order
to correctly simulate the experiments, except for the
consideration of the pile as having a solid and smooth
surface instead of roughness caused by the agglomeration
of sand particles (a simplification imposed in the numerical
model since the mesh should be greater than the roughness,
what means do not respect the law of wall of the turbulence
model). The numerical simulations were performed to
provide the wall shear stress distribution on the pile surface
and the flow pathlines, which could be associated to the
erosion patterns observed in the experiments and even be
input data to mathematical emission models (Caliman 2017;
de Morais et al. 2018).

The three-dimensional equations of mass and momentum
conservation were solved using the commercial software
Ansys Fluent 15.0. Turbulence effects were accounted
using the k − ω shear stress transport (SST) model
(Menter 1994). The inlet boundary conditions for velocity

Fig. 2 Schema of the tested
configurations.The dashed lines
on the stockpile surface indicate
the rounded crest
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Fig. 3 Computational domain and boundary conditions. All the dimensions are scaled based on the stockpile height h (0.077 m)

(u, v and w), turbulent kinetic energy (k) and specific
dissipation rate (ω) were obtained from previous numerical
simulations (precursor empty domain) where a periodic
streamwise flow was set to produce a fully developed
channel flow. For the outlet boundary conditions, it was
assumed that the flow is fully developed and all flow
variables except pressure are assumed to have a zero normal
gradient (outflow condition). For the upper boundary
condition, symmetry was imposed, since only half of
the wind tunnel height was simulated in order to reduce
the computational costs. Symmetry condition implies that
normal gradients of all variables are set to zero. Smooth
walls with no-slip conditions are set at lateral domain
walls, as well as, smooth walls at stockpile, cubic building
and ground walls. All boundary conditions can be seen
in Fig. 3.

The geometries and meshing were generated using the
software Gambit. The mesh was built by extrusion from
triangular cells defined on the ground surface and pile
walls. The size of the first cell at the wall was taken
as z+ ≈ 4 (z+ = ρu∗z/μ), as required for the use
of k − ω SST model (z+ ≤ 5) to ensure that no wall
functions are used (for better accuracy) to account for the
turbulence damping near walls. A mesh refinement near
the walls is required due to the expected intense gradients
close to these areas. All computational setup (modelling
choices including meshing, turbulence closure and domain
configurations) is based on previous validated numerical
calculations performed by Badr and Harion (2005), Turpin
(2010), Furieri et al. (2012a, 2013) and Caliman (2017).
Details of the mesh in the stockpile and building surfaces
are shown in Fig. 4 where it is possible to observe the
refinement near the walls.

Fig. 4 Mesh construction with refinement near the walls
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Results

Air flow and stockpile erosion patterns

Figures 5 and 6 show the photographs after the pavement
phenomenon (a), the friction velocity distribution (b) and
the pathlines (c) for a stockpile downstream a face-on cubic
building and for a stockpile downstream an edge-on cubic
building, respectively. Figure 7 shows the friction velocity
distribution (a) and the photographs after the pavement
phenomenon (b) for an isolated stockpile. The numerical
results are presented in the dimensionless form (u∗/u∗,ref

and U/U∞). The variable u∗,ref is the friction velocity in a
flat surface without influence of obstacles been equal to 0.34
m/s in this case. The variable U∞ is the free stream velocity
of 7 m/s. The calculation of u∗ over the stockpile surface was
based on the United States Environmental Protection Agency
USEPA (2006) model for industrial wind erosion since
the procedure considers the friction velocity over a rough
surface. The friction velocity (m/s) is then estimated by:

u∗ = 0.10u+
10(us/ur) (4)

where u+
10 is the fastest mile of reference anemometer for

the period between disturbances (m/s), us is surface velocity
measured at 25 cm from the full scale stockpile surface
(m/s) (in the wind tunnel scale and numerical simulations
this distance is equal 0.00125 cm) and ur is the wind
velocity (m/s) (details in USEPA 2006).

In Fig. 5, the large adverse pressure gradient upstream
the cube promotes a deceleration of the fluid leading to
a boundary layer separation and vortex shedding. As a
consequence of the reverse flow behind the cube, there is
an accumulation of sand in region R (see Fig. 5a), a zone
characterised by low levels of shear (or friction velocity), as
shown in Fig. 5b. Figure 5c shows the complex recirculation
zone downstream of the cube, which clearly affects erosion
on the windward wall of the pile. Therefore, in contrast with
the configuration of an isolated stockpile (Fig. 7b), region A
is strongly eroded for both tested gaps (specially for 0.5Hb),
which is consistent with the high levels of wall shear stress
in this area. Also, an eroded zone B is noticeable for the
gap 0.5Hb due to the stronger influence of the central vortex
structure shown in Fig. 5c.

Figure 6 shows a much more intense bistable flow for
this case, in which an asymmetrical pattern is detected in
spite of the symmetrical geometry. The interaction between
the pile and the cube also promotes an accumulation of
sand in the zone R where shear stress is low. In addition,
for this building orientation, it is possible to observe a
more intense interaction between the vortices downstream
the cube, leading the windward wall of the pile to be
even more impacted as can be noticed by the greater
accumulation of black particles (Fig. 6a). The leeward

wall of the pile, and also zone is more affected compared
with the stockpile downstream an edge-on cubic building
for both tested gaps. In an industrial site, it would be
wise to avoid placing the piles near edge-on building
position.

The comparison between u∗ and u∗t can also be done
to reinforce the discussion above. The threshold friction
velocity for the sand used in the present work is equal to
0.25 m/s (Harion et al. 2010). Since u∗,ref is equal to 0.34
m/s, it is possible to observe in Figs. 5b and 6b that the
contours of u∗/u∗,ref higher than 0.75 highlight regions
where the friction velocity on the surface is greater than the
threshold friction velocity. Thus, these would be the most
eroded regions of the pile, which is confirmed by Figs. 5a
and 6a. Furthermore, the friction velocity can be up to 2.5
times greater than the reference friction velocity (the high
levels showed in Figs. 5b and 6b) leading us to evaluate the
increased possibility of erosion occurs when the particles
are arranged in structures such as stockpiles instead of a
flat bed.

Another analysis can be made we consider the angle
θ at which the fluid flows over the stockpile surface to
calculate the threshold friction velocity according to Eq. 3.
Figure 8a shows the distribution of the difference between
the friction velocity and the modified threshold friction
velocity over the stockpile surface for the case 0.5 Hb

at 7 m/s. The gray colour indicates regions where (u∗ −
u∗t (θ)) < 0, that is, the friction velocity did not reach
the particle threshold friction velocity value leading the
particles to not take-off. The corresponding gray area of
Fig. 8a in Fig. 8b shows that, indeed, no erosion was
experimentally observed. The highlighted areas A, B, C
and D represent regions where (u∗ − u∗t (θ)) > 0, that is,
the friction velocity reaches the particle threshold friction
velocity value leading the particle to take-off. The values
of (u∗ − u∗t (θ)) which this occur are from 0.055 to
0.55 m/s if we take a look on Fig. 8a. Therefore, correct
or reevaluate the threshold friction velocity would better
explain the particle distribution over the stockpile surface
when the USEPA model is used. In the final state of the
wind erosion, this may be an interesting analysis that could
be added to the USEPA methodology, mainly when the
cases to be studied do not comprise those proposed by
the agency.

For 8 m/s and 9 m/s cases, the same analysis is valid.
Taking 8 m/s cases for a more detailed discussion, it is
interesting to observe the phenomenon evolving over time.
Figure 9 shows the temporal evolution of the wind erosion
for 8 m/s upstream velocity when the cubic building is face-
on and edge-on with a gap of 0.5 Hb. It is possible to
observe that the effects of the flow are more intense and
the erosion occurs faster when the stockpile is downstream
an edge-on cubic building. At the same instant of time,
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Wind flow direction
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Fig. 5 Experimental and numerical results for a stockpile downstream
face-on cubic building separated by gaps 0.5Hb and 1.5Hb: a photo-
graph of the top view of the eroded sand stockpile after pavement, b

friction velocity distribution on the pile surface and c pathlines of the
flow over the pile. Highlighted are the regions R and B marked by low
levels of shear stress and a vortex influence, respectively
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Fig. 6 Experimental and numerical results for a stockpile downstream
edge-on cubic building separated by gaps 0.5Hb and 1.5Hb: a photo-
graph of the top view of the eroded sand stockpile after pavement, b

friction velocity distribution on the pile surface and c pathlines of the
flow over the pile. Highlighted are the regions R and B marked by low
levels of shear stress and a vortex influence, respectively
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Fig. 7 Experimental and
numerical results for an isolated
stockpile for stream velocity of
7 m/s: a friction velocity
distribution on the pile surface
and b photograph of the top view
of the eroded sand stockpile
after pavement. Highlighted is
region A, a very low shear stress
zone when compared with the
corresponding region in the case
with the presence of an obstacle
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Fig. 8 Face-on cubic building case for 0.5 Hb and 7 m/s. a Difference between the friction velocity over the stockpile surface and the threshold
friction velocity modified by the angle θ at which the fluid flows over the stockpile and b photograph of the top view of the eroded sand stockpile
after pavement
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Fig. 9 Temporal evolution of
the erosion for a stockpile
downstream a cubic building
oriented 90◦ and 45◦ to the main
flow, separated by gap of 0.5Hb
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Fig. 10 Temporal evolution of
the erosion for a stockpile
downstream a cubic building
oriented 45◦ to the main flow,
separated by gaps of 0.5Hb and
1.5Hb for the upstream velocity
of 8 m/s
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Table 1 Emitted mass (g) measurements from an isolated stockpile
and from a stockpile downstream a cubic building with gaps 0.5Hb and
1.5Hb (Hb = 10 cm is the building height)

U∞ (m/s) Isolated pile Gap Face-on Edge-on

7 140.3 ± 8.4 0.5Hb 247.6 ± 14.9 282.7 ± 17.0

1.5Hb 209.3 ± 12.6 319.5 ± 19.2

8 247.8 ± 14.9 0.5Hb 325.5 ± 19.5 413.0 ± 24.8

1.5Hb 336.2 ± 20.2 452.5 ± 27.2

9 387.4 ± 23.2 0.5Hb 470.8 ± 28.2 518.5 ± 31.1

1.5Hb 455.4 ± 27.3 542.4 ± 32.5

the erosion is much more significant downstream the cube.
Figure 10 shows a more effective erosion when the gap is
smaller. At shorter distances, the recirculation zone down-
wind the building directly interacts with the stockpile surface
(also can be seen in Fig. 6c) leading to high levels of ero-
sion evidenced again by the accumulation of non-erodible
particles. For 9 m/s cases, the same analysis is valid.

Emittedmass measurements

Table 1 shows the emitted mass measurements from the
wind tunnel experiments with an isolated stockpile and a
stockpile downstream a cubic building. The results reveal
that emissions considerably increase due to the presence
of the building, that is, the isolated stockpile emits less
than the pile downstream a cubic obstacle for all tested
configurations. Furthermore, if the stockpile is downstream
an edge-on cubic building, the impact is even stronger.

The increase of the gap distance between the building and
the pile from 0.5Hb to 1.5Hb does not generate expressive
changes in the emitted mass measurements in the 7 and 9
m/ cases, mainly if we take a look at the uncertainties. The
differences between the emitted masses are very small. For
cases at 8 m/s, the emitted mass slightly increased when
the distance between the cubic building and the stockpile
increased. The final analysis of the variation of the distance
used in the present work can be considered inconclusive,
since no well defined pattern was observed. However, as
discussed above, the isolated stockpile, that is, a stockpile
far enough from any obstacle, emits less in all tested cases.
So, despite the inconclusive results about gaps, in industrial
sites, it would be strategic to allocate the piles at a great
distance from the buildings for precaution.

It is important to point out that there is an accumulation
of sand on the ground between the cube and the pile for
the tested cases. Therefore, the emitted mass can be higher
than the estimated amount presented in Table 1 if the
accumulated sand in the middle is considered.

Conclusion

Comparing the obtained experimental results with those
for the isolated stockpile configuration and observing the
differences in the erosion patterns and emission estimates
was possible to conclude that (i) the emissions considerably
increase due to the presence of the building, that is, the
isolated stockpile emits less than the pile downstream a
cubic obstacle for all tested configurations, mainly if the
stockpile is downstream an edge-on cubic building; (ii) the
higher the free stream velocity, due to the presence of the
obstacle, the more efficient the dynamics of the pavement
process is, that is, the vulnerable areas are covered more
rapidly by the non-erodible particles (that create a protective
effect); and (iii) the increase of the gap between the
building and the pile from 0.5Hb to 1.5Hb does not generate
expressive changes in the emitted mass measurements or
follow some well-defined pattern. However, the analysis of
the gaps reveals that smaller distances influence the particle
distribution over the stockpile surface mainly downstream
the cubic building showing areas where the erosion is more
intense.

Despite the inconclusive results about the influence of
the gaps in the emitted mass, in an industrial site, it would
be strategic to allocate the pile at greater distances from
buildings for precaution, since the isolated stockpile cases
(stockpiles far enough from any building) showed smaller
emitted masses. When avoiding buildings is not allowed,
the recommendation is to allocate the stockpiles preferably
downstream face-on buildings.

These findings play an important role since it is possible
to obtain an optimal industrial open yard configuration
where fewer particles are emitted to the atmosphere. In
open yards where reallocation of buildings or industrial
structures and sources is not possible, to understand how
the wind erodes the sources is very relevant leading the
site management to constitute a method of particulate
control. Besides that, these results may be useful to improve

36024 Environ Sci Pollut Res (2020) 27:36013–36026



emission models since more detailed information about the
friction velocity distribution in the sources was obtained.
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