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Aeolian transport of cohesive sand
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Abstract. The influence of moisture on wind-driven sand transport is particularly important in coastal envi-
ronements. While moisture is generally low in desert sands, it significantly affects sand transport on beaches
or in coastal dune dynamics. Studies on the impact of moisture are far from yielding consistent results because
it is difficult to control and measure moisture levels due to evaporation. We circumvent this difficulty by using
sand-oil mixtures which offers the advantage to get rid of evaporation. With these, we conducted wind-tunnel
experiments and documented with an unprecedented accuracy the effects of cohesion on wind-blown sand.

1 Introduction

Moisture has a significant influence on the initiation of
motion of sand by wind and also on the resulting spa-
tial and temporal evolution of the sand transport rate [1].
While moisture is usually very low in sandy desert ar-
eas and can be disregarded [2], aeolian sand transport on
sandy beaches or in the context of coastal dune morpho-
dynamics is expected to be crucially dependent on the
moisture content within the sand. The literature regard-
ing the impact of the moisture on wind blown sand is
sparse, and available data [3–7] present considerable dis-
crepancies regarding the magnitude of the moisture ef-
fects. These discrepancies highlight that it is experimen-
tally difficult to control the moisture levels within the sand
because of evaporation. To circumvent this difficulty, we
carried wind-tunnel experiments with sand-oil mixtures
instead of sand-water mixtures. Oil plays the same role
as water in generating cohesion but has the significant ad-
vantage to have a very low evaporation rate in the standard
conditions of temperature and pressure.

With these sand-oil mixtures, we were able to docu-
ment with an unprecedented accuracy the magnitude of
the cohesion effects on (i) the aerodynamic and impact
thresholds [8, 9], (ii) the transient to reach an equilibrium
regime and (iii) the mass transport rate at equilibrium. We
found in particular that for moderate cohesion (i.e., for
cohesion number less than unity), the dynamic threshold
is unchanged while the static threshold increases linearly
with the liquid content. Experiments also indicate that the
equilibrium length necessary to reach a steady and fully
developed transport regime is increased with increasing
cohesion and the mass transport rate at equilibrium is the
same as for cohesion-less systems.
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The paper is organized as follows. In section 2, we
present briefly the wind-tunnel facility and describe how
we made the sand-oil mixtures. Section 3 summarizes
the results concerning the effects of cohesion on erosion
thresholds which have been published recently in [8, 9].
Section 4 presents partial but novel results on transient and
saturated state. Finally, we conclude in Section 5.

2 Experimental setup and granular
systems

2.1 Cohesive sand

This study investigates the influence of cohesion on sand
transport. Specifically, in a particle-liquid mixture, co-
hesion arises between contacting particles through liquid
bridges. The use of water in such mixtures causes prob-
lems due to evaporation during experiments. To avoid
these problems [8, 9], a sand-oil mixture was used. We
employed Nemours sand (Sibelco NE34) with a median
diameter d = 200µm. The oil is a Sigma-Aldrich AR
20 Silicone oil characterized by a density ρoil = 1 g/ml,
a cinematic viscosity νoil = 20 mm2/s and a surface ten-
sion Γoil = 20 mN/m 1.

The preparation of the mixture is facilitated by the fact
that the oil has a good affinity with silica sand. A pre-
scribed mass of dry sand is first placed in mixer and oil is
gradually introduced. Mixtures with different oil contents
ω ranging from 0.05 to 3% in mass (see Table 1). were
investigated.

1The kinematic viscosity of oil is an order of magnitude higher than
that of water, while its surface tension is approximately four times lower.
As a result, direct comparisons between sand-water and sand-oil mixtures
should be made with caution.
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Figure 1. Wind tunnel facility used in the configuration for estimating the aerodynamic and impact erosion rate [9]: The sand bed is
limited to a small square box which is weighed during the experiment.

2.2 Wind-tunnel facility

The experiments were carried out in a wind tunnel with a
6.6 m length working section and a 0.245 m×0.27 m cross-
section (see Figure 1). Two different bed configurations
were used.

Box configuration: To investigate the aerodynamic and
impact threshold, the sand bed was reduced to a box with
a square section of dimensions 0.15 m×0.15 m and a depth
of 0.02 m. The sand sample was placed 5.6 m downstream
the entrance of the wind tunnel and its surface is at the
same level as the wind-tunnel floor so that there is no
discontinuity (see Fig. 1). The floor of the wind tunnel
(i.e., upstream and downstream of the sand bed) was made
rough by gluing sand particles of the same nature as the
sand bed. The sand bed was weighed continuously during
the experiment by means of a scale with a milligram accu-
racy 2. This allows to record the erosion rate in the course
of time either by the direct action of the turbulent flow or
by the impact of particles introduced in the wind tunnel
upstream with a prescribed and steady mass flow rate Qin.
Lastly, it is important to emphasize that the duration of the
experiments is sufficiently short to ensure that the sand bed
surface remains flat at the grain scale.

Sand bed configuration: To study the equilibrium state
of transport, the tunnel was covered by a sand bed of finite
length X from Xmin = 0.5 m to Xmax = 6.6 m. The granular
bed had a uniform initial height of 2 cm.

Air profile: The free air flow velocity U∞ can be var-
ied from 4 m/s to 38 m/s. The air flow velocity profile
upstream the sand bed was characterized with Pitot tubes
displayed at different heights. The profile obeys a classi-
cal logarithmic law characterized by a friction velocity u∗

proportional to the free stream velocity: u∗ = 0.0388 U∞.

3 Erosion thresholds

3.1 Aerodynamic erosion

To determine the critical friction velocity u∗sw at which tur-
bulent airflow begins to erode the sand bed, we employed
a weighing-based method [8]. Specifically, we measured

2The signal of the weighing scale is biased by the pressure fluctu-
ations of the turbulent flow. However, since the average flow pressure
remains constant over time, such fluctuations can be mitigated through
appropriate signal filtering.
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Figure 2. Aerodynamic erosion threshold u∗sw (rescaled by the
critical value u∗s for a cohesionless bed) as a function of the liquid
content ω. The dashed line corresponds to a linear fit to the data:
u∗sw ≈ u∗s(1 + 6ω). Inset: Cohesion number as a function of the
liquid content (see Eq. 2). Data are taken from [9].

the aerodynamic erosion rate Eaero by weighing the sand-
box after one minute of airflow at progressively increasing
flow intensities. The threshold velocity u∗sw was then iden-
tified as the point where the erosion rate exceeds a small
but nonzero value: Eaero ≈ 5. 10−3g/m2 s.

The dependence of u∗sw on the liquid content ω is
shown in Fig. 2. We observe a linear relationship with
ω [8, 9]:

u∗sw ≈ u∗s(1 + 6ω) , (1)

where u∗s denotes the critical friction velocity for a dry,
cohesionless sand bed. While this linear trend is robust,
its physical origin remains to be fully understood.

Using the aerodynamic threshold velocity, we can es-
timate the order of magnitude of the mixture’s cohesive
strength. To this end, we define a dimensionless cohesion
number Co, which represents the ratio of the average inter-
particle cohesive force to the grain’s weight. By balancing
the forces acting on a surface grain, the cohesion number
Co can be related to the aerodynamic threshold velocity
[6] as follows:

Co ≡ Fc
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In the case of a quasi-static deformation of the sand bed
as expected near the aerodynamic threshold, the average
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inter-particle cohesive force Fc is primarily driven by the
liquid’s surface tension and the liquid content. The force is
expected to vary from 0 to Γoil(d/2) with increasing liquid
content. It vanishes when all contacts are dry and reaches
Γoil(d/2) when all contacts are bridged by liquid menisci.
As the liquid content increases, the fraction of wet con-
tacts and consequently the average cohesive force and the
cohesion number increase accordingly.

3.2 Impact erosion

To assess the impact erosion rate Eimp of the sand box
when it is impacted by sand particles, we impose a small
but finite incoming particle flow rate Qin at the entrance of
the wind tunnel with the help of a hopper placed on the
ceiling of the tunnel. The hopper delivers a steady mass
flow rate Qin = 0.67 g/s. The grains released at the en-
trance of the wind tunnel experience a hopping motion
over the upstream rigid bed, get quickly in equilibrium
with the air flow and eventually impact the sand box. The
erosion rate depends both on the mean velocity up of the
impacting particles and the number np of particles impact-
ing the sand box per unit time and surface. For a pre-
scribed upstream mass flux Qin, these two quantities vary
with the air flow strength in opposite manner: up increases
with increasing air flow speed while np decreases. The de-
pendance of up and np with the friction velocity u∗ were
determined through particle tracking techniques [8, 9]. In
particular, it was found that up is an affine function of the
air flow friction velocity u∗. Experiments are run above the
critical rebound shear velocity [10, 11] to prevent deposi-
tion and ensure that the mass flux Qin prescribed by the
hopper at the entrance of the tunnel is transported along
the wind-tunnel. In practice, we use air friction speeds
greater or equal than 0.15 m/s.
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Figure 3. Rescaled impact erosion rate Eimp/Φ as a function
of the Froude number for different cohesion numbers. To avoid
cluttering the figure, error bars are displayed only for the three
smallest values of the cohesion number. Data are taken from [9].

The impact erosion rate Eimp is determined by weigh-
ing the sand box after a finite duration of particle impinge-
ment (typically between 1 and 2 minutes) at given wind
speed U∞ with a given incoming mass flux Qin. The wind
speed is then increased by increment to get the impact ero-

sion rate as a function of the friction speed u∗ and the ex-
periments are repeated for different mixtures.

The quantity of interest which is measured is the im-
pact erosion rate rescaled by the impinging mass flux
Φ = m np (where m is the mass of a sand grain):

Eimp/Φ = NE . (3)

The rescaled impact erosion rate NE can be simply inter-
preted as the average number of ejected grains per impact
produced by the impacting particles.

In the cohesionless case, the rescaled erosion rate can
be accurately described by a linear (affine) function of the
impact Froude number F = up/

p
gd:

NE ≈ N0 (F − Fc) (4)

withN0 ≈ 0.067 and Fc ≈ 18. Here,N0 represents the im-
pact efficiency, while Fc corresponds to the critical Froude
number marking the onset of particle ejection. Below this
threshold, no particle ejection occurs. This linear behavior
holds within a limited range of Froude numbers, specifi-
cally for Fc < F < 50.

For cohesive mixtures, the rescaled impact erosion rate
as a function of the Froude number is shown in Fig. 3.
The first notable observation is that the erosion rate retains
an affine dependence on the Froude number and can still
be described by Eq. 4, albeit with modified values of the
parametersN0 and Fc, which now depend on the mixture’s
cohesive strength. Based on this behavior, three distinct
regimes of impact erosion can be identified, as detailed
below.
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Figure 4. Variation the critical Froude number Fc and the slope
N0 (see inset) as a function of the cohesion number. The hori-
zontal dashed lines correspond to the cohesionless limit whereas
the solid lines stand for the best fits using the following scaling
laws: N0 ∝ Co−α1 and Fc ∝ Coα2 with α1 ≈ 0.5 and α2 ≈ 0.4.
Data are taken from [9].

For low cohesion numbers—typically when Co ≤
Coc1 with Coc1 ≈ 1; see Fig. 4)—the impact erosion rate
does not show any significant deviation: both N0 and Fc

remain nearly unchanged.3 Interestingly, for the lowest
measured cohesive case (Co = 1.3), the impact efficiency

3Actually, we do not have data between Co = 0 and Co = 1.3; thus,
further experiments are needed to confirm this trend.
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is slightly higher than in the cohesionless case (0.071 vs.
0.067). At present, this increase remains unexplained. In
the intermediate cohesion regime (Coc1 ≤ Co ≤ Coc2 with
Coc2 ≈ 20; see Fig. 4), the efficiency of impact erosion
begins to decline. This is reflected by a reduction in the
coefficient N0, while the critical impact Froude number
Fc stays approximately constant. In the regime of strong
cohesion (Co > Coc2 ) impact erosion is significantly re-
duced, as evidenced by both a decrease in N0 and an in-
crease in the critical Froude number Fc.

A final important point should be noted: during the im-
pact and ejection processes, viscous effects associated with
the rupture of liquid bridges may play a non-negligible
role. As a result, granular mixtures containing water or
silicone oil could exhibit different impact erosion behav-
iors.

4 Transient and saturation

Using the bed configuration, we were able to characterize
the transient to the saturated regime of transport for co-
hesive sand beds. We present here preliminary but new
results. Figure 5 shows the evolution of the mass flow
rate with the upstream distance X along the bed for dry
sand and the two cohesive mixtures (ω = 0.05 and 0.1%
corresponding to Co ≈ 0.23 and 0.52, respectively) for a
given air flow speed U∞ ≈ 7.8 m/s. At this air flow speed,
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Figure 5. Evolution of the mass flow rate with upstream distance
X along the bed for three different mixtures corresponding toω =
0, 0.05 and 0.1%: U∞ ≈ 7.8 m/s.

the experiments indicate that the saturated mass flux is
reached before the end of the wind tunnel for the cohe-
sionless and the two cohesive sand beds and that the re-
laxation length (i.e., the distance required to reach a fully
developed mass flow rate) increases with increasing cohe-
sion strength. Importantly, the saturated flux seems to be
independent of the cohesive strength in the range of cohe-
sion number investigated so far. In other words, for low
cohesion Co < 1 (where impact erosion is not affected by

cohesion), the saturated sand flux is the same for cohesion-
less and cohesive bed. The only change is the increase of
the relaxation length required to reach the saturated state.

5 Conclusion

We characterized the effects of cohesion on the transport
of sand by wind using sand-oil mixtures. The use of oil
instead of water allows an accurate control of the liquid
content and consequently of the cohesion level of the sand.
We determined how aerodynamic and impact erosion pro-
cesses are altered according to the cohesion level and sub-
sequently showed that for low cohesion level, the mass
flow rate in the steady and fully developed state of trans-
port is identical to that obtained with a cohesionless sand
bed. The only change in the low cohesion regime is the in-
crease of the distance necessary to reach the saturated state
which can be explained by the mitigation of the aerody-
namic erosion process. These new experimental outcomes
should provide guidance to develop theoretical model for
aeolian sand transport in the context of moist sand.
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