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Abstract
Aeolian erosion of granular materials is investigated by means of a mathematical emission 
model and experimental wind tunnel measurements. Main model input data are: friction 
velocity, relationship between cover rate (CR) and eroded height (H) and particle proper-
ties (density, size distribution). It is proposed: (1) to evaluate the linearity of the relation 
between CR and H considering the presence of a multimodal distribution of particle sizes, 
(2) to validate the mathematical model with wind tunnel data, (3) to evaluate the protec-
tive effect of non-erodible particles and (4) to qualitatively evaluate the final stage of ero-
sion through experimental photographs of the oblong stockpile. The relationship between 
CR and H may still be considered linear for the tested mixture of particles. The modelled 
emission, when compared with experimental data, showed that the physical tendency of 
the aeolian erosion phenomenon was well predicted. The model showed to be useful in 
comparative analysis between scenarios but not in absolute values due to errors found. It 
is valid for the monitoring of air quality degradation due to aeolian erosion of open yards 
of storage piles. Detailed analysis of emitted mass explained that the smallest diameters 
among the non-erodible particles create a less effective protection effect leading to higher 
emissions. The qualitative analysis of high-quality photographs of the experiments showed 
that the non-erodible particle agglomeration on the stockpile surface can be well explained 
if one evaluates simultaneously, on the pile, the angle of velocity vectors (which influences 
the threshold friction velocity value) and shear stress.
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1 Introduction

Many factors influence the emission of granular materials from stockpiles exposed to wind 
erosion: material density, moisture, particles size distribution, stockpile shape, wind veloc-
ity, saltation and the availability of erodible particles [1]. The most widely used model for 
estimating emissions due to wind erosion of stockpiles has been proposed by the United 
States Environmental Protection Agency [37]. However, a major limitation of this model 
is that it neglects the proportion of erodible and non-erodible particles in the mixture of 
granular materials. Efforts have been made to develop new emission models that include 
the effect of non-erodible particles, but they were mainly built for estimating emissions on 
relatively flat erodible surfaces [7, 18, 21, 22, 38].

The model developed by Descamps et al. [7] described the temporal evolution of parti-
cle emissions for a bed containing erodible and non-erodible particles exposed to a turbu-
lent flow, but assumed that the emission would cease when the surface is only covered by 
non-erodible particles, e.g., neglecting the pavement effect in which non-erodible particles 
serve to protect erodible particles causing emission to cease before all erodible particles 
are emitted. Kok et al. [22] have developed an analytical expression for particles entrained 
by a bed containing erodible soils in which the number of erodible particles is unlimited, 
but this is only the case for a single size particle. On the other hand, their model takes into 
account the saltation phenomenon that can influence the emission of other particles caused 
by the impact of particles being transferred back to the surface. In addition, the cohesion 
between the particles of smaller diameters was also considered which is important for very 
small particles. Klose et al. [21] proposed a model incorporating cohesion due to the effects 
of moisture and the influence of non-erodible elements on emission. However, the model 
was not compared with experimental results. Zou et al. [38] proposed a conceptual model 
of particles emitted from a bed of granular material of multimodal particle size distribu-
tions and additional contents e.g., (e.g., salt and organic matter, net water, frozen water, 
snow cover, plant roots, vegetation and gravel cover), which were expressed as a function 
of shear force. However, as in the work of Klose et al. [21], the estimation was theoretical, 
having no experimental basis.

Hoonhout and De Vries [18] modelled emissions for a spatial and temporal variation 
of particle size distributions and erodibility over a bed of particles due to wind erosion. 
Their model employs an advection scheme using a transport equation through the discre-
tization of the bed in horizontal and vertical cells to account for spatial variations in bed 
surface properties. They compared their results with hypothetical case studies and wind 
tunnel experimental data [9, 31] from the literature. The main conclusion was that deeper 
numerical and experimental investigation was needed before this model could be used for 
estimating erosion from storage piles.

Other researchers have investigated the pavement effect created by the increase in non-
erodible elements by conducting laboratory experiments. Most of them have considered 
the shear stress partitioning over a bed of particles by dividing the shear stress between 
non-erodible elements and the surrounding surface [5, 12, 15, 17, 19, 25, 26, 28, 33, 35]. 
The results of these studies confirm that larger diameter particles create zones of low shear 
downstream where it is not possible to achieve the minimum friction velocity required for 
the particles emission. Computational Fluid Dynamics has emerged as an alternative to the 
experimental approaches. Turpin et al. [36] carried out numerical simulations to model the 
pavement process using shear stress partitioning concepts for beds containing non-erodible 
elements (represented by roughness elements) and to investigate the magnitude of friction 
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velocity on the erodible surface in the presence of the non-erodible elements. Their results 
show good agreement with previous experimental studies [5, 15, 16, 24, 25, 27, 30]. Furi-
eri et  al. [13] also performed similar numerical simulations to estimate the shear stress 
distribution over a bed of erodible and non-erodible particles, but these authors considered 
a polydispersed distribution of rough element sizes for the same initial cover rates (propor-
tion of non-erodible particles covering the surface) used by Turpin et al. [36] (up to 12%). 
The results showed that the equation proposed by Turpin et al. [36] remains valid even for 
a polydispersed distribution.

In order to fill the gap left by the emission model of Descamps et al. [7] and making use 
of the shear stress partition model proposed by Turpin et al. [36] and Caliman [3] proposed 
a model that includes the pavement phenomenon occurring for final cover rates < 100%. 
Furthermore, Caliman [3] adapted the model to estimate emissions from stockpiles and 
found a fair agreement between the calculated emitted mass and the emitted mass meas-
ured experimentally in a wind tunnel experiment. It was assumed that cover rate is linearly 
related to the eroded height (i.e., the depth of soil loss). However, it was not tested for a 
multimodal distribution of erodible and non-erodible particles with three modes (previous 
papers evaluated this condition for two modes). The present paper aims to test the emission 
model for a multimodal particle size distribution in which: (1) one mode is always erodible 
(for the tested velocities), (2) a second mode is always non-erodible and (3) a third mode 
has its erodibility varying with the incident wind velocity.

It is important to consider that if a second larger particle diameter of non-erodible parti-
cles is present in a mixture, the emission rate is expected to decrease, because they gener-
ate a more effective protection effect. However, if this second non-erodible particle diam-
eter is smaller, the opposite is expected, the particles would generate a lower protection 
effect, leading to higher emissions. So, a multimodal distribution of particles diameters, 
which is found in real stockpiles can alter the pavement effect on emission rate.

The present paper aims to evaluate the influence of a multimodal size distribution 
of non-erodible particles on beds and stockpiles emission using the model proposed by 
Caliman [3], and to verify the model performance for different wind velocities. Emission 
model results are compared with experimental data of lost mass from model piles from 
wind tunnel experiments. Besides that, a qualitative analysis of the final surface particle 
size distributions of a stockpile is made using high-quality images recorded during wind 
tunnel testing.

2  Emission model

Caliman [3] proposed an emission model for beds using a simple equation that calculates 
the emitted mass from knowledge of the emitted volume:

where �NE is the mass fraction of non-erodible particles [ kgNE∕kgmixture], �bed = ��P 
[

kgmixture∕m
3
bed

]

 , � is the volumetric fraction of the mixture in the bed 
[

m3
mixture

∕m3
bed

]

 (mix-
ture represents the diameters that compose the bed. The mixture could be arranged in 
another structure, for example, in a stockpile), �P is the particle density 

[

kgmixture∕m
3
mixture

]

 , 
Hf  is the final eroded height of the bed [m] and Sbed is bed area  [m2].

In order to estimate Hf  , it was necessary to find an equation that relates the cover rate and 
eroded height. Figure  1 shows the evolution of the surface ratio occupied by non-erodible 

(1)Ef =
(

1 − �NE
)

�bedHf Sbed
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particles (CR) as a function of eroded height (H) for a uniform distribution of non-erodible 
particle sizes proposed by Caliman [3]. The Shao and Lu [34] emission criterion was used to 
determine the erodibility of the particles:

where u∗t is the particle threshold friction velocity [m/s], � is the air density [kg/m3], D 
is the particles diameter [m], g is the acceleration due to gravity [m/s2] and � is surface 
energy that characterizes cohesion [N/m].

From Fig. 1, considering that the mean height of an element (DNE) is equal to the eroded 
height of each layer removed during erosion and that the particles are distributed in the same 
proportion in each layer, the ratio between CR and H is:

where CRi is the initial cover rate. Therefore, Hf  can be calculated as a function of CRf .
The line slope is then calculated as:

(2)u∗t = 0, 11

√

�p − �

�
gD +

�

�D

(3)CR = aH + CRi

(4)a =
CRi

DNE

Fig. 1  Evolution of the surface covering by non-erodible particles (CR) as a function of the eroded height 
(H). The width ( Wbed ) and length ( Lbed ) of the bed are shown
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where the initial cover rate, according to Caliman [3]’s experimental data and assuming 
that the non-erodible particles are homogenously distributed in the mixture, is equivalent 
to:

In order to consider the effects of pavement, we used the equation proposed by 
Turpin et al. [36] (Eq. 6) to assess the evolution of the friction velocity of the erodible 
surface as a function of the cover rate and shape of the non-erodible particles.

where Rfric is defined by Eq. (7), Sfrontal is the frontal area of the elements  [m2], Sfloor is the 
basal area of the elements  [m2] and A , M and N are constants found by means of numeri-
cal simulations to calculate the friction velocities u∗r on a surface containing the roughness 
elements (non-erodible particles). In the present work we used the constants A , M and N 
calculated by Caliman [3].

where u∗r is the mean friction velocity on an erodible surface under the roughness influ-
ence [m/s] and u∗s is the mean friction velocity [m/s] on a smooth surface.

The rate Sfrontal∕Sfloor for cylindrical elements is given by:

Therefore, considering Eqs. (3) and (6) becomes:

and considering that in the erosion final stage Rfric is minimal, the equation becomes:

So Hf  can be calculated and the emitted mass estimated by Eq. (1).
Caliman [3] also proposed an adaptation of the emission model for stockpiles. The 

inclined surface of the stockpile (ascending or descending) causes a strong influence 
of the gravity force on the emission. Caliman [3] calculated the angles � at which the 
fluid flows over the surface and, depending on this angle, the particles friction velocity 
threshold (emission criterion) is modified in relation to the value it would have for a flat 
bed.

The angle � is defined by:

where �z [Pa], is the vertical component of the shear stress.
The shear stresses distribution on an oblong stockpile was calculated similarly to the 

works of many authors [1, 2, 4, 6, 8, 10, 11, 14, 32, 36].

(5)CRi = �NE�

(6)1 − Rfric = A(CR)M
(

Sfrontal∕Sfloor
)N

(7)Rfric =
u∗r

u∗s

(8)
Sfrontal

Sfloor
=

4

�

H

DNE

(9)1 − Rfric = A
(

aH + CRi

)M

(

4H

�DNE

)N

(10)1 − RMIN = A
(

aHf + CRi

)M

(

4Hf

�DNE

)N

(11)� = arcsin
(

�z∕�
)
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To re-evaluate the particle emission criterion according to � , the Iversen and Rasmussen 
[20] equation is used:

where � is the internal friction angle. The idea of the model proposed by Caliman [3] is to 
separate the stockpile into isosurfaces that have the same emission criteria. So, each isosur-
face could be considered as a bed and then the model could be applied.

3  Experimental study

Wind tunnel experiments were carried out in the Department of Industrial Energy (IMT 
Lille Douai, France). Several roughness elements were placed upstream of the test section 
of the wind tunnel allowing the formation of a turbulent boundary layer. The thickness of 
the boundary layer ( � ) in the test section was sufficiently larger than the height of the stock-
pile (δ = 16 cm and h = 7.7 cm, respectively). The flow rate was controlled by an axial fan 
located downstream of the wind tunnel. A high-quality photo camera (Nikon D-100) was 
installed at the top of the test section (transparent glass wall) to record the evolution of the 
erosion process. The resolution of the photographs is 3648 × 2650 pixels. The area visual-
ized by the camera was concentrated on the stockpile. This system is capable of visualizing 
extremely detailed distribution of particles over the sand stockpile model surface. A weigh-
ing system was placed inside an airtight box underneath the test section that recorded the 
mass of the stockpile in the wind tunnel. The weighing device was the electronic balance 
BEL Engineering Mark K30.1, which has a resolution of 0.1 g. The wind tunnel set-up is 
shown in Fig. 2. Further details of the wind tunnel can be found in Furieri et al. [12].

The wind tunnel experiments comprised an isolated oblong sand stockpile with the inci-
dent wind at 90°. The stockpile was 7.7 cm high, 23.6 cm long and 57.9 cm wide with a 
34.5° rest angle. Three ranges of particle size (ρp = 2630  kg/m3) were used to construct 
mixtures of erodible and non-erodible particles. It is important to note that one size range, 
the yellow sand, was erodible or non-erodible depending on the conditions of the experi-
ment (free stream velocity) while two ranges, white (erodible) and black (non-erodible) 
sands maintains its erodibility under all shear stress conditions. The three size ranges of 
sand represent three modes of particle size distributions: (1) fine white sand with a diam-
eter varying from 56 to 194 μm, (2) medium yellow sand with a diameter ranging from 
300 to 600 μm and (3) black sand with a diameter varying from 700 to 1300 μm. The sand 

(12)
u∗t(�)

2

u∗t(0)
2
= cos � +

sin �

tan �

Fig. 2  Wind tunnel set-up show-
ing dimensions, camera location 
and test section. (Adapted from 
Caliman [3])
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color was chosen in order to allow their visual differentiation essential for the use of photo-
graphs in the qualitative analysis proposed as a specific objective.

The different sand proportions of the tested stockpiles are presented in Table 1. After 
weighing the initial mass of the pile, a second weighing was performed at the end of the 
tests. The subtraction of the initial weight from the final weight gave the amount of emitted 
mass of sand. A wind tunnel test duration was 15 min, in which pavement develops (pave-
ment effect represents the influence of non-erodible particles on the taking-off of erodible 
particles). The “pavement effect” is the erodible surface covered by the non-erodible par-
ticles, i.e., erodible particles are impeded to take-off) was observed for all cases. Photo-
graphs were taken at the beginning of the experiment and every 30 s up to 5 min. Cases 
D1, E1 and F1 present yellow particles that are non-erodible according to the threshold 
friction velocity criterion of Shao and Lu [34] for 7 m s−1. Cases D2, E2, F2, D3, E3 and 
F3 have a higher percentage of potentially erodible particles in the size range of the yellow 
sand particles than previous cited cases.

4  Results and discussions

The Results and Discussions section present the following subsections: (1) evaluation of 
the relationship between the cover rate and the final eroded height (proposed by Caliman 
[3]) for a multimodal particles size distribution, (2) a comparison between emission esti-
mation and experimental measurements in wind tunnel, (3) an assessment of the protection 
effect caused by size ranges of potentially (300–600 μm) erodible and always non-erodible 
(700–1300  μm) particles and, (4) a qualitative analysis of particles distribution over the 
stockpile surface through wind tunnel experiments.

4.1  Evaluation of the relationship between the cover rate and the final eroded 
height

In order to evaluate the validity of the linear relationship between the cover rate and 
the eroded height for the particle size distribution characteristics, a hypothetical isosur-
face was assumed for a bed with an area of 0.1 m2 and a height of 0.0025 m. A scan-
ning of the diameters in each of mode of the particles size distribution for each case 

Table 1  Proportions of sand used 
in the experiments and initial 
mass of the piles

Case Veloc-
ity 
(m s−1)

White (%) Yellow (%) Black (%) Initial mass (g)

D1 7 80 12 8 6190.6
D2 8 80 12 8 6190.6
D3 9 80 12 8 6190.6
E1 7 65 21 14 6700.0
E2 8 65 21 14 6700.0
E3 9 65 21 14 6700.0
F1 7 50 30 20 7100.0
F2 8 50 30 20 7100.0
F3 9 50 30 20 7100.0
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was performed. The cover rate of each non-erodible diameter was added successively 
to account for the final cover rate and the sum of their diameters counted as the eroded 
height. The threshold friction velocity ( u∗t ) for each diameter was calculated based on 
Shao and Lu [34] and the surface friction velocity ( u∗ ) by Kurose and Komori [23] and 
Mollinger and Nieuwstadt [29]. The friction velocities calculated for the freestream 
velocities of 7, 8 and 9 m s−1 were, 0.30, 0.35 and 0.40 m s−1, respectively. Particles of 
each diameter were considered non-erodible if u∗ < u∗t.

Figure  3 shows the results of the procedure described above for cases D1, D2 and 
D3 (cf. Table 1). Figure 3 also shows the linear fit of the data for each case. Observing 
the results for the case D1 it is noted that the curve has a horizontal straight line at the 
beginning, a small positive slope, a second and smaller horizontal straight line and then 
a long range of data forming an upward line.

To explain this behavior, it is necessary to understand the principles governing the 
relationship modelled through the approach of the present work. Figure  4 shows the 
behavior of the cover rate as a function of eroded height for Case D1. The eroded height 
increases from top to bottom on the vertical axis. The cover rate is accounted for by the 
area viewed from the top of the particles for a given eroded height. The solid lines show 
the eroded height at which the cover rate remains constant.

Fig. 3  Relationship between 
the proportion of non-erodible 
particles covering the surface 
(CR) and the eroded height (H) 
of the hypothetical bed for cases 
D1, D2 and D3

Fig. 4  Schema of the behavior 
of the proportion of non-erodible 
particles covering the surface 
(CR) as a function of the eroded 
height (H). The cover rate 
remains constant along two 
eroded heights ( ΔH

1
 and ( ΔH

2
)
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If the eroded height H is zero, the cover rate CR is the initial cover rate CRi . As H 
increases, it is noted that the CR remains constant until it reaches a height equivalent to 
the height of the smallest non-erodible diameter. The cover rate remains constant along 
height ΔH1 which corresponds to the first horizontal line seen in Fig. 3. The continuity of 
erosion leads to the increase of H . The cover rate increases over the bed surface, resulting 
in the first positive slope in Fig. 3. With a further increase of H , a range of heights is again 
observed where the cover rate is constant ( ΔH2 ). This second range of H where CR is con-
stant gives rise to the second horizontal line of Fig. 3. As the particle size increases within 
the particle size distribution, the diameters larger than the smaller non-erodible diameter 
appears more frequently, so this constant CR region grows to such a point that no other 
region of constant CR can be observed, resulting in the long data range forming the second 
rising line in Fig. 3.

Comparing cases D1, D2 and D3 in Fig. 3, one of the differences is that the initial hori-
zontal lines presented in the curves become larger with a velocity increase. As velocity 
increases, more yellow particles of smaller diameter become erodible, shifting the first 
non-erodible diameter to higher values, resulting in higher ΔH where CR is constant.

Figure 5 shows the results for the cases D1, E1 and F1 (7 m s−1), for the different pro-
portions of sand used. At 7 m s−1 only a very small portion of the yellow sand is erodible, 
so the initial cover rate is slightly less than the sum of the proportions of the yellow and 
black sands: 20%, 35% and 50% for cases D1, E1 and F1, respectively. D1 has the lowest 
amount of non-erodible particles in the mixture, so it has the lowest cover rate. For this 
reason, the final eroded height is almost the same as the total height of the bed. Since there 
is a small amount of non-erodible particles in each layer, it is necessary to armor most of 
the bed. The F1 case is the one with the most non-erodible particles, resulting in the high-
est cover rate (Fig. 5). As opposed to case D1, the final eroded height is much smaller than 
the total height of the bed, because there are many non-erodible particles in each layer, it 
is not necessary to uncover many layers until the bed is mostly covered by non-erodible 
particles. Figure 5 also shows that larger proportions of yellow and black (non-erodible) 
particles lead to steeper slopes, because in this situation the initial cover rate is higher. This 
is an expected result according to Eq. (4). Similar analysis to those described above can be 
performed for the other cases presented in Fig. 6.

For the curves, in all cases it is mathematically permissible to make a linear adjustment 
of the data given the high value for R2 found (similar results were experimentally obtained 
by Caliman [3]). Table 2 presents the slope and the initial cover rate obtained by Eqs. (4) 

Fig. 5  Relationship between the 
proportion of non-erodible par-
ticles covering the surface (CR) 
and the eroded height (H) of a 
hypothetical bed for cases D1, E1 
and F1 (7 m s−1)
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and (5), respectively, and those obtained by linear adjustment of the curves of the rela-
tionship between the cover rate and the eroded height for each case. As the hypothetical 
isosurface considered is from the stockpile and given the volume ( Vpile = 0.0045 m3 ), the 
specific mass of the particles ( ρp = 2630kg∕m3 ) and the initial mass mP used in each case 
(Table 1), � assumed equal to 1 in Eq. (5), can now be calculated as: � = (�p∕mP)∕Vpile.

Fig. 6  Relationship between 
the proportion of non-erodible 
particles covering the surface 
(CR) and the eroded height (H)of 
a hypothetical bed for a cases E 
and b cases F

Table 2  Slope (a) and initial cover rate (CRi) calculated and obtained by adjustment

DNE (mm) φ αNE CRi a

Calculated Adjusted Error (%) Calculated Adjusted Error (%)

D1 0.7 0.5156 0.1979 10.20 10.77 5.5 14.58 30.11 107
E1 0.8 0.5580 0.3463 19.32 18.84 2.5 24.15 52.70 118
F1 0.9 0.5913 0.4948 29.26 26.91 8.0 32.51 75.28 132
D2 0.7 0.5156 0.1515 7.81 6.46 17.3 11.16 11.51 3
E2 0.8 0.5580 0.2651 14.79 11.3 23.6 18.49 20.14 9
F2 0.9 0.5913 0.3789 22.40 16.14 28.0 24.89 28.78 16
D3 0.7 0.5156 0.0837 4.32 4.78 10.8 6.17 6.35 3
E3 0.8 0.5580 0.1465 8.17 8.36 2.3 10.22 11.12 9
F3 0.9 0.5913 0.2093 12.38 11.94 3.5 13.75 15.89 16
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The results presented in Table 2 show that the relative error between CRi calculated 
by Eq. (5) and CRi from a linear fitting varies greatly in each case. The cases at 8 m/s 
(cases 2) presented the highest values reaching 28%. The angular coefficient a, calcu-
lated by Eq. (4), presents errors larger than 100% at 7 m/s and a maximum value of 16% 
in the other cases. The high levels of relative error found at 7 m/s for a can be attributed 
to the difference between the initial cover rate of the curve and initial cover rate of the 
adjustment.

Thus we can conjecture that these results are in good agreement with what was pro-
posed by Caliman [3] for the cases considered in the present study, revealing that the 
linear relationship between the cover rate and the final eroded height can still be con-
sidered valid even with the inclusion of another range of non-erodible sizes with vari-
able erodibility (i.e., a multimodal particle size distribution). Consideration of a further 
range of variable erodibility sizes, in general, changes the cover rate and displaces the 
non-erodible mean diameter value.

4.2  Comparison between emission estimation and experimental data

The emission model for stockpiles was applied using the constants A, M and N calcu-
lated by Caliman [3]. The results are shown in Table 3. It is possible to observe error 
levels ranging from 56 to 76%. Despite this, the results of the model followed the same 
physical pattern of the experimental results. With the increase of the initial proportion 
of non-erodible particles, at the same rate (cases 1, for example), the amount of removed 
mass decreases, evidencing that the increase in the presence of larger particles creates a 
protection effect in which less erodible particles are lost.

Also, increasing the velocity, with the same initial proportion of non-erodible parti-
cles (cases D1, D2 and D3, for example), the amount of mass removed increased, indi-
cating that at higher velocities more particles become erodible.

These observed patterns suggest that the physical tendency of the erosion phenom-
enon was well modeled. Considerations made in the conception and application of the 
model, such as uniform distribution of the particles along the bed height, homogeneous 
distribution of the particles on the pile surface, and not considering changes in pile form 
with erosion propagate quantitative errors in the proportions shown in Table 3.

Table 3  Comparison between 
experimental and mathematical 
model results

Case U∞ (m/s) φ αNE Emitted mass (g)

Exp. Mod. Error (%)

D1 7 0.5156 0.1979 175.5 76.6 56
E1 7 0.5580 0.3463 129.3 45.0 65
F1 7 0.5913 0.4948 116.0 28.4 76
D2 8 0.5156 0.1515 278.5 114.4 59
E2 8 0.5580 0.2651 269.5 72.2 73
F2 8 0.5913 0.3789 153.9 50.5 67
D3 9 0.5156 0.0837 434.5 152.1 65
E3 9 0.5580 0.1465 415.7 103.6 75
F3 9 0.5913 0.2093 280.2 78.6 72
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4.3  Protection effect of non‑erodible particles with different particle size 
distribution

To evaluate the protective effect of a multimodal distribution of non-erodible particles 
diameters, a comparison was performed between bimodal experimental data (only fine 
white and thick black sand) and those already discussed previously in the present work (a 
mixture of white, yellow and black sands). Table 4 shows the emitted mass from the two 
wind tunnel measurements carried out at the same conditions of incident fluid flow.

The comparison is made for the main stream velocity equal to 7 m s−1. At 7 m s−1 the 
yellow sand is predominantly non-erodible. The cases presenting a bimodal particle size 
distribution are called here D0, E0 and F0.

At 7  m  s−1, case D1 shows that about 20% of the sand mixture is non-erodible, but 
12% is sand with smaller diameters than case D0. This composition results in mass loss of 
175.5 g. Comparing with case D0, the mass loss was about 135.4 g. This suggests that the 
sand mixture D1 has smaller diameters (i.e., 300–1300 μm) in the non-erodible fraction 
creating a less effective protection condition when compared to the same proportion of a 
mixture composed of only a more limited size range (i.e., 700–1300 μm) of non-erodible 
particles.

In addition, higher emission may have occurred due to the observed behavior of the yel-
low sand particles during the experiment. It was observed that some of the yellow particles 
rolled from stockpile surfaces during testing and moved out of the weighing region. There-
fore, they were not suspended, but were recorded as emitted mass. Thus, not every emitted 
mass increase can be credited to the lower protective effect created. But in any case, this 
increase is due to the presence of different non-erodible particles size distribution on the 
mixture.

The same analysis can be made for the other proportions emphasizing what was dis-
cussed above. It is worth noting that for cases E0–E1 and F0–F1 the difference in the emit-
ted mass is more important as the amount of yellow sand becomes higher, which supports 
the physical behavior explained above.

4.4  Particle distribution over the stockpile surface

The particle distribution over the stockpile surface is conditioned by the angle of veloc-
ity vectors of the wind flow over the surface and the friction velocity. Figure 7a shows the 
shear stress (normalized by a reference value—�ref  of undisturbed wind flow over a smooth 
surface) and Fig.  7b presents the stockpile slope distribution for the case D2 in its final 
stage of erosion, i.e., after the pavement is completely formed.

Table 4  Comparison between 
experimental data at 7 m s−1 Case White (%) Yellow (%) Black (%) Emitted mass (g)

D0 80 0 20 135.4
E0 65 0 35 48.7
F0 50 0 50 10.9
D1 80 12 8 175.5
E1 65 21 14 129.3
F1 50 30 20 116.0
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Both distributions of �∕�ref  and � were obtained through numerical simulations of the 
turbulent wind flow representing the same characteristics of fluid flow found in the wind 
tunnel used for the present work. The three-dimensional equations of mass and momentum 
conservation are solved using the commercial software Fluent 15.0. The k–ω Shear Stress 
Transport (SST) model is used to incorporate turbulence effects. The inlet boundary condi-
tions take into account velocity, turbulent kinetic energy and specific dissipation rate. Fully 
developed flow is assumed for the outflow conditions. Symmetry conditions are applied 
to the upper boundary of the domain and finally, for lateral boundaries, ground and pile 
surface, no-slip conditions are imposed. Further details of the numerical simulations condi-
tions are presented in Caliman [3].

To better understand what Fig. 7 shows, a quadrants analysis (Fig. 8) was made based 
on the variables �∕�ref  and � that are dependent on u∗ and u∗t , respectively, to assess the 
particles take-off. The larger the values of slope �

(

u∗t
)

 , the greater the emission criterion 
(i.e., increased value of threshold friction velocity). This occurs because the flow in these 
regions (red scale of � shown in Fig. 7) is ascending on the windward face of the stockpile, 

Fig. 7  a Shear stress distribution 
and b angle of velocity vectors 
of wind flow distribution over 
the stockpile at the final stage 
of erosion from Caliman [3] 
overlapping to the D2 case image 
of the experiments from the 
present work

Fig. 8  Quadrants analysis for the 
variables �∕�ref  and θ to assess 
the particles take-off
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which is contrary to the gravity force acting on the particles over the inclined surface. So, 
u∗ is smaller than u∗t and the particles do not take off. The larger the values of shear stress 
�∕�ref

(

u∗
)

 , the greater the friction velocity (red scale of �∕�ref  shown in Fig.  7). So, u∗ 
exceeds the value of u∗t causing the particles take-off.

The effects of �
(

u∗t
)

 and �∕�ref
(

u∗
)

 on particle take-off phenomena are compared simul-
taneously in Fig. 8. It is noticed that when the two variables tends towards to its maximum 
or minimum values, the effects are counterbalanced and there is moderate particle take-off 
(first and third quadrant Fig. 8). Regions B1 and B3 presents this behavior meaning that 
some part of the particle size distribution can be emitted.

When �
(

u∗t
)

 tends towards its maximum and �∕�ref
(

u∗
)

 tend towards its minimum, 
more shear stress is required than actually exists on the surface of the stockpile to initi-
ate particle entrainment. So, there is low particle loss (fourth quadrant of Fig. 8). Regions 
A1 and D for the D2 case in Fig. 9 do not show significant changes on the surface particle 
distribution when initial and final states are compared. On the other hand, when �∕�ref

(

u∗
)

 
tends towards to its maximum and �

(

u∗t
)

 tend towards to its minimum, there is sufficient 
shear stress on the surface of the stockpile (high values of �∕�ref

(

u∗
)

 ) where the flow is 
descending (negative values of �

(

u∗t
)

 . So, there is high particle take-off (second quadrant 
of Fig. 8). Regions C1, C2, B2 and B4 present greater numbers of non-erodible black parti-
cles because they were strongly eroded.

The A2 region is a recirculation zone. The flow ascends in the central region (high val-
ues of �

(

u∗t
)

 ) subjected to a moderated shear stress and descends on the sides (moderated 
values of �

(

u∗t
)

 ) subjected to a low shear stress forming a vortex. So, in this zone there is 
a low take-off.

Fig. 9  Initial and final stages of 
erosion for all tested cases
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Figure  9 shows the initial and final erosion stages for all cases. The same analy-
sis described above can be performed for the other cases. The difference here is that 
with the increase in velocity and the initial proportion of yellow and black particles the 
observed effects occurred with greater intensity in larger regions of non-erodible particles 
accumulation.

The cases F shown in Fig. 9 present a different behavior from the others. The propor-
tion of yellow and black particles was such that there was little difference between the 
initial and final stages, although the freestream velocity was higher. This shows that the 
higher the proportion of non-erodible particles, the greater the protection effect observed, 
the smaller the amount of particles emitted and the smaller the observed changes in the 
surface of the pile.

5  Conclusions

The present work attempted to: (1) evaluate the linearity of the relation between the cover 
rate and the eroded height also considering the role of particle size distribution to influ-
ence erodibility, (2) validate the results of the model for the presence of a third size range 
of non-erodible particle sizes with variable erodibility, (3) evaluate the protective effect 
of multimodal distribution of particles diameters and (4) qualitatively evaluate the final 
surface particle size distribution of an experimental oblong stockpile composed of granular 
materials.

The relationship between the cover rate and the eroded final height can be considered 
linear for particle size distribution ranges and velocities tested. The Caliman [3] model 
emission results match experimental results with, however, significant errors. The uniform 
distribution of the particles along the bed height, the homogeneous distribution of the par-
ticles on the surface of the pile and no consideration of the changes of the pile shape with 
erosion, may have influenced the results of the model. However, modeled emission pre-
sented the same physical trend of emissions experimentally measured.

The algebraic emission model evaluated through the present work may be, even at the 
current stage of development, a very useful tool for quantifying the wind erosion of open 
yards of storage piles on industrial sites. The mathematical model works well in compara-
tive analysis between scenarios, but not in absolute values. As the velocity increases, using 
the same proportion of non-erodible particles, emissions increase, because more particles 
are entrained. When evaluating the increase in the proportion of non-erodible particles at 
the same freestream velocity, it was observed that less particles were emitted as the surface 
becomes progressively armoured with larger non-erodible particles. Therefore, the model 
has physical basis for real case applications. It requires further investigation into why the 
emitted mass was under-estimated.

The protective effect is altered if a third mode of non-erodible particle diameters is pre-
sent (300–1300 μm). This third mode is non-erodible for wind < 7 m s−1 becoming erod-
ible as wind speed exceeds this value. It created less effective protection for the pile. When 
the results were compared to the same proportion of a mixture composed of only one mode 
of non-erodible particle size distribution with larger diameter (700–1300 μm) the emitted 
mass was larger.

The qualitative analysis of the images of the experiments showed that the distribution 
of particles under the surface of the pile can be explained qualitatively by the implicit 
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evaluation of the threshold condition that considers both the bed angle and the friction 
velocity over the stockpile surface.
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