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We investigate numerically the impact process of a particle of diameter d and velocity V; onto
a cohesive granular packing made of similar particles via two-dimensional discrete element method
simulations. The cohesion is ensured by liquid bridges between neighboring particles and described
by short range attraction force based on capillary modeling. The outcome of the impact is analyzed
through the production of ejected particles from the packing, referred to as the splash process.
We quantify this production as function of the impact velocity for various capillary strength I'
and liquid content 2. The numerical data indicate that the splash process is modified when the
dimensionless cohesion number Co = 6I'/p,gd> (where p, is the particle density, d its diameter
and g the gravitational acceleration) exceeds a critical value of the order of the unity. Above this
value, we highlight that the ejection process is triggered above a threshold impact Froude number,
Fr =V,;/+/gd, which depends both on T" and 2 and scales as '*Q°, where the values of the exponents
are found close to 1/2 and 1/6, respectively, and can be derived from rational physical arguments.
Importantly, we show that above the threshold, the number of splashed particles follows a linear

law with the impact Froude number as in the cohesionless case.

I. INTRODUCTION

The process of impact of a particle onto a granular bed
is an important issue in various physical and geophysi-
cal systems. Wind blown sand and saltation transport is
an emblematic example where the impact process plays
a relevant and important role [1-4]. Saltation is the pri-
mary mode of particle transport in wind blown sand. It
consists of successive hops along the surface. Saltating
grains are propelled by the wind and rebound on the sand
bed. As they are highly energetic, they are able to eject
particles from the sand bed. The understanding of the
impact process, also termed splash, is a key ingredient
to model correctly aeolian sand transport. A large num-
ber of studies including wind tunnel experiments [5, 6],
computer simulations [7-9], and model collision experi-
ments consisting in propelling a single particle [10-14],
were devoted to the splash process. These studies pro-
vide a rather complete picture of the splash process in
the context of non-cohesive granular beds.

The influence of the bed cohesion on the splash pro-
cess has received very little attention although this issue
is crucial in the context of aeolian transport with moist
sand [15] or snow [16]. We investigate here the role of
the granular bed cohesion on the splash process through
numerical simulations in using discrete element method
(DEM) [17]. We consider granular packings where inter-
particle cohesion is ensured by capillary bridges and in-
vestigate the result of the impact of an incident particle
for various cohesion strength.

The article is organized as follows. Section 2 describes
the numerical set-up and the force model used in the
DEM simulation. The numerical method is first vali-
dated on cohesionless granular packings (Section 3) and
then applied to the case of cohesive packings (Section 4).

Discussion and conclusion are presented in Section 5.

II. NUMERICAL METHOD AND SIMULATION
SET-UP

We have conducted two-dimensional simulations of the
impact of a particle onto a cohesive granular packing us-
ing discrete element method (DEM) [17]. The principle
of DEM simulations is to treat each grain as a sphere (of
diameter d and mass s) subject to gravity and contact
forces with the other grains.

Interaction model is performed by using a combination
of a linear visco-elastic and Coulomb modeling. Two
grains ¢ and j interact when overlapping, such as §;; =
rij — (di +dj)/2 < 0, with 7;; the center-to-center grains
separation. The force applied by grain ¢ on grain j is
split into a normal and tangential component, F' 7 and
F{™7 respectively. The normal contact force is modeled
using a spring dash-pot model,

i _ ) —(kndij +9,0i5) for 8;; <0
Fn { 0 for 51']‘ >0 (1)

where k,, and -, are the spring stiffness and the damp-
ing coeflicient, respectively, while the tangential con-
tact force is described by a regularized Coulomb friction
model [17, 18],

Fti_)j = —min(|yve |NFfﬁj|) (2)

where ~; is the tangential damping coefficient, v; is the
tangential component of the relative velocity and pu is the
friction coefficient.

In addition to contact forces, we add an inter-particle
cohesive force that mimics the force produced by a lig-
uid meniscus. The so-called capillary force is modeled



following the same approach as used in [19-21]:

Fmaz for  d;; <0
Fci_>j = { Fmas (1 _ 1/ 1+ Tl';/ﬁlé”) for 0 < (Sij <
for 05 > ¢

3)
where V; is the volume of the liquid bridge and & is the
critical rupture distance. At contact (i.e.,0;; = 0), the
magnitude of the capillary force is maximum and is given
by:

F"* = ndl" cos @, (4)

where T" is the surface tension and 6 the contact angle.
When the particles get apart (i.e. §;; > 0), the capillary
force decreases with increasing d;;. Beyond d;; = £ the
liquid bridge breaks apart and the capillary force van-
ishes. The rupture distance, in the limit of perfect wet-
ting (i.e., # = 0), is taken to be as [22]:

¢=v" (5)

where V} is the volume of the liquid bridge.

The key physical variables governing the capillary force
are the grain diameter, the surface tension I' and the
volume of the liquid bridges. This leads us to introduce
two non-dimensional numbers: (i) a cohesion number Co
defined as the ratio of the maximum capillary force F"**
to the gravitational force Fy,

_Emer 6

Co =
Fy ppd?g

(6)

where p,, is the particle density and g the gravitational
acceleration, and (ii) the water content € defined as the
ratio of the total liquid mass to the total solid mass,

_ Ni/2)pV
= 00 @

where N, is the mean number of liquid bridges connected
to a particle and p; is the liquid density. We assume here
that all the capillary bridges have the same volume V;.
In addition, a capillary bridge forms when two particles
are in contact such as IN; is equal to the mean number
of contacts of a given particle [28]. In a 3D disordered
packing, the mean number of contact is 6 while in a 2D
packing, it is 4. The determination of this value from our
2D simulations gives us a value very close to 4. In the
following, we will thus set N; = 4.

Equations of motion for each particle are calculated
by applying Newton second law and a Velocity-Verlet
scheme is used for the time integration with a time step
dt. Table I displays the values of the parameters used in
the simulations for the contact and capillary forces.

Simulations require several steps. We first create a 2D
non-cohesive granular packing by filling a square box of
dimensions 40d x 40d. The packing is built using a plu-
viation method with non-cohesive particles (see Fig. 1).

TABLE I: DEM parameters

Parameter Value
Contact force
kn 2.10° — 2.107 (mg/d)
en 0.88

0.5
Y /Yt 1
dt 107* —107°(\/d/qg)
Cohesion force
Co 0 — 1000
Q 0—10%

FIG. 1: 2D packing built with 16000 particles of mean di-
ameter d using pluviation method in a square box with di-
mensions 40d x 40d. To avoid crystallization, the particles of
the packing have a polydispersity of 20% and the walls of the
box consist of spherical particles of diameter 2d. The mean
volume fraction of the packing is ¢ = 0.8.

To avoid crystallization, the grains of the packing have a
mean diameter d with a size dispersion of 20% and the
side and bottom walls of the box are made of spherical
particles of diameter 2d. Once the packing relaxes to
its equilibrium, we implement the cohesive forces for the
particles that are in contact. The introduction of capil-
lary forces induces a micro-rearrangement of the particles
of the packing. Once the cohesive packing has reached
its new mechanical equilibrium, we can proceed with the
collision process. A particle is propelled on the packing
with a given incident speed V; and angle #; and the re-
sult of the impact is analyzed through the rebound and
the splashed particles. In order to get reasonable statis-
tics of the splash process, the collision is repeated about
50 times by changing the impact location in a random
manner in the vicinity of the center of the packing.
Importantly, we checked that the system is large
enough in order that the shock wave created by the im-
pact is dissipated through the packing before reaching



the boundaries. We indeed run a few simulations with
a larger system (i.e., 80d x 80d) and the latter produced
similar results.

III. VALIDATION OF THE NUMERICAL
MODEL WITH A NON-COHESIVE PACKING

To validate our numerical model, we first performed
simulations with a non-cohesive granular packing. The
outcomes of these simulations are compared to the exper-
imental results from Beladjine et al. [13]. The collision
process is analyzed both through the rebound of the in-
cident bead and the resulting ejected particles. For con-
venience, we introduce a dimensionless impact velocity
defined as V;/+/gd and referred to as the impact Froude
number F'r. The incident angle 6; is defined as the angle
between the impact velocity and the horizontal.

A. Rebound

The rebound of the incident bead is usually character-
ized through the restitution coefficient e defined as the
ratio between the rebound and impact velocity. Figure 2a
presents the evolution of the averaged restitution coeffi-
cient € with impact angle 6; for various impact velocities
ranging from 20+/gd and 80./gd. We also plotted the
averaged vertical restitution coefficient €, defined as the
ratio of the vertical rebound velocity to the vertical im-
pact velocity (see Fig. 2b). Both restitution coefficients
decreases with increasing impact angle and are indepen-
dent of the impact velocity. These results follow the same
trends as the experimental outcomes reported in [13]. In
addition to this qualitative agreement, we obtain a re-
markable quantitative agreement. Our numerical results
are remarkably approximated by the empirical laws pro-
posed by Beladjine et al. [13]:

é(@i) = A — Bsinb;, (8)
_ A,
€z (91) = Sin 0; - B, (9)

where A, B, A, and B, are fitting parameters. The best
fit to our numerical data provides similar values as those
found in [13]: A ~ 0.87, B = 0.72, A, = 0.30 et B, ~
0.15. Note that in order to satisfy e = e, for normal
impact, A, B, A, and B, are linked by the following
relation: A— B=A, — B,.

B. Ejected particles

The other important feature of the splash process con-
cerns the ejected particles and their production accord-
ing to the impact velocity and incident angle. We define
an ejected particle as a particle which reaches a verti-
cal position greater than a particle diameter above the
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FIG. 2: Variation of the restitution coefficients € (a) and €,
(b) as a function of the incident angle 0; for different Froude
number Fr = V;//gd ranging from 20 to 80. The solid lines
represent empirical laws proposed by Beladjine et al. [13].

bed surface as done in previous works [13, 14]. In other
words, the vertical velocity of ejection should be greater
than +/2¢gd. Fig. 3 presents the average number of ejected
particles as a function of the impact velocity for several
angles of incidence ranging from 10° to 90°. The num-
ber of ejected particles increases with increasing impact
speed and this trend can be captured by a linear law
similar to the one proposed in [13]:

Nej = No(ei)(F’/‘—F’/‘C) (10)

where Fr = V;/+/gd is the dimensionless impact velocity
also referred as to the impact Froude number. Ny and
Fr. are fitting parameters. Ny is found to depend on the
incident angle #; while F'r. is independent of the impact
angle 6; and can be interpreted as the critical Froude
number above which particles are ejected from the pack-
ing. The linear fits to our data give us a critical Froude
number Fr. = 12 and indicate that Ny is proportional to
the fraction of energy of the incident particle transferred
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FIG. 3: Variation of the mean number of ejected particles
N,; as a function of the impact Froude number Fr = V;/\/gd
for various incident angles #; ranging from 10° to 90°. The
dash lines represent linear fits to the data using Eq. 10. Inset:
Mean number of ejected particles renormalized by the fraction
of energy of the incident bead transferred to the packing (i.e.,
N.;/(1 — &%) as a function of the Froude number Fr. The
dash line represents the best linear fit to our data.

to the packing (i.e.,(1 — &2)):

where « is a numerical constant (o ~ 0.61). The varia-
tion of Ny with the incident angle is in agreement with
the experimental findings reported in [13]. However, we
observe quantitative differences. Beladjine et al. [13]
found a higher critical Froude number and a smaller value
for a (i.e., Fr. = 40 and o = 0.32). Our numerical
model thus overestimates the number of ejected parti-
cles in comparison with the experimental results in [13].
This difference can be ascribed to the two-dimensional
configuration of the numerical simulations. The energy
of impact is expected to be dissipated more efficiently
in a 3D packing than in a 2D one. This results from the
higher coordination number of a 3D arrangement and the
possibility for the energy to dissipate through a greater
number of paths. As the production of ejected particles
is closely related to the dissipation process, it is expected
to be enhanced in the case of a 2D packing.

As a summary, the numerical simulations reproduce
faithfully the main features of the splash process in the
context of non-cohesive granular packing and can be thus
employed with confidence to investigate the influence of
the cohesion on the splash process.

IV. SPLASH PROCESS WITH A COHESIVE
PACKING

A. Construction of cohesive packings

We return here to the numerical process employed for
building cohesive packings. We recall that we start from

a 2D non-cohesive packing built by pluviation. We then
set the capillary forces and wait for the packing to re-
lax towards its new mechanical equilibrium. We choose
a large enough dimensionless stiffness K = k, /I’ (i.e.,
K > 5.10%) such that the particle packing remains ho-
mogeneous and with the same volume fraction as in the
cohesionless case (see Appendix for further discussion).

B. Influence of the Cohesion number

We now investigate the influence of the packing cohe-
sion on the splash process. We focus first on the effect
of the strength of the capillary force by varying the co-
hesion number but keeping the water content fixed and
equal to Q¢ = 1%. We carried out 7 series of numerical
collision experiments corresponding to different cohesion
number ranging from 0.1 to 103. For each value of the
cohesion number, the incident speed was varied between
20 to 1201/gd keeping the incident angle fixed (6; = 10°).
We also vary the incident angle from 10° to 60° keeping
the impact velocity constant.

T T
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| LA p=60°
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FIG. 4: Variation of the restitution coefficients € et ¢, as a
function of the cohesion number for various incident angles.
The impact Froude number and the water content are set to
Fr =60 and Q = 1%.

The numerical results show that the rebound of the
impacting particle exhibits to first order the same fea-
tures as those for a non-cohesive packing, in the range of



cohesion number investigated so far. More precisely, the
restitution coefficients € et €, present only weak changes
when the cohesive strength is varied (see Figure 4). e,
increases weakly but systematically with increasing Co.
e shows contrasting variation according to the impact
angle. For grazing impact, € decreases with increasing
cohesion strength while for greater impact angle we ob-
serve the reverse trend. The variations remain however
weak in comparison with those induced by change of the
impact angle.

In contrast, the cohesion of the packing has a major
effect on the ejected particles when the cohesion num-
ber goes well beyond 1 (see Fig. 5). For Co > 10, the
critical Froude number required to trigger particle ejec-
tion is changed and increases with increasing cohesion
strength. Despite of this, the number of ejected particles
still presents a linear increase with increasing incident
speed, as in the non-cohesive case,

Nej = No(CO) [F’I“ — FT‘C(CO)] (12)

but with altered values of the critical Froude number Fr,
and of the coefficient Ny. F'r. increases with increasing
cohesion number while Ny decreases. Both variations act
together in the same direction and lead to a decrease of
the mean number of ejected particles when the cohesion
is increased.

; T 300 T 1
O Co=10
0N b co=333 L0 ]
Co=100| "™ o
< Co=33 )
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O Co=1
= [0 Co=0.1
4 =
20 ® Co=0 N
10 -
00 140

FIG. 5: Mean number of ejected particles N.; as a function
of the Froude number F'r for various values of the cohesion
number Co. The incident angle is kept constant and equal
to #; = 10° and Q = 1%. Inset: Mean number of ejected
particles ]\fej as a function of the modified Froude number
Fr* (cf. Eq. 15).

Fig. 6 displays the variation of the critical Froude num-
ber Fr. and Ny as a function of the cohesion number.
The critical Froude number F'r. is unchanged (F'r. =~ 12)
as long as the cohesion umber remains below a critical
value Co, =~ 5. Beyond this value, F'r. increases with
increasing Co according to a power law,

B1
Fr,=Fr® (go") : (13)
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FIG. 6: Variation of critical Froude number F'r. and the slope
Ny (see Inset) as a function of the cohesion number. The
horizontal solid lines represent the non-cohesive limit where
the dashed lines stand for the best fits using the following
scaling laws: Fr Co® et No Co~ "2 with B1 ~ 0.4 and
B2 =~ 0.45.

where Frgo) is the critical Froude number for a cohesion-

less packing and the scaling law exponent is 81 =~ 0.4.
Similarly, the coefficient Ny is constant up to the critical
value Co.. Then it decreases with increasing C'o accord-
ing to the following power law (see inset of Fig. 6),

Co\ —P2
No =N <CO> , (14)

with B2 ~ 0.45. N refers to the value obtained for a
non-cohesive packing. The exponents 8; and By of the
scaling laws are surprisingly similar and are not far from
the value of 1/2. In the rest of the article, we will take
Bi = B =B~ 2/5.

On the basis of the above results, it may be useful to
introduce a modified Froude number F'r*:

Fr = ( Co >B Fr (15)

Co,.

where Co. ~ 5. With this, the law for the number of
ejected particles can be recast into the simple expression:

No; = NSO(Fr* — Fr®) (16)

with N (6; = 10°) ~ 0.3 and Frl” ~ 12. The inset
of Fig. 5 displays the variation of the number of ejected
particles as a function of the modified Froude number
Fr*. The data collapse on the master curve given by
Eq. 16.

The above numerical outcomes were obtained for a
given impact angle #; = 10°. We now vary the impact
angle from 6; = 10° to 60°. The inset of Fig 7 illustrates
the variation of the number of ejected particles as a func-
tion of the Froude number F'r for various impact angles
and cohesion number. The effect of the impact angle on
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FIG. 7: Variation of the mean number of ejected particles
rescaled by (1 — &%) as a function of the Froude number Fr
for various impact angle 0; and various cohesion number Co.
Inset: Variation of the mean number of ejected particles as a
function of the Froude number Fr.

the number of ejected particles is similar as in the non-
cohesive case. For a given cohesion number, the mean
number of ejected particles increases with increasing an-
gle and this increase is directly linked to the fraction of
energy transferred to the packing (i.e., (1 — &?)) as in
the non-cohesive case. Fig. 7 shows that when the mean
number of ejected particles is rescaled by (1 — €2), the
data obtained for different impact angles but similar co-
hesion strength collapse on an unique linear trend. Thus
the law for the mean number of ejected particles and its
dependence with the Froude number, incident angle and
cohesion number can be cast into the simple following
form:

Ney = N&(@) (Pre = Fr®) (17)

with
NO0:) ~ 0.61 [1—5(0)2(@)} (18)
Fr® ~ 12 (19)

Fr* is the modified Froude number given by Eq. 15. We
recall that the superscript (0) refers to quantities ob-
tained in the non-cohesive case. This relationship is a
generalization of the law proposed by [13] to cohesive
packings. The last step is to investigate the dependence
of the Splash process on the water content ().

C. Influence of the water content

In the previous section, we studied the effect of capil-
lary force on the Splash process by varying the cohesion
number and setting the water content to a constant value
Q = 1%. We showed that there is a critical value of Co,
above which the Splash process is modified by the cohe-
sion of the packing. We now wish to study the influence

of the water content €. The value 2 is tuned by chang-
ing the amount of the liquid in the packing through the
volume of the liquid bridge V;. We recall that in our
modeling the water content has only an influence on the
critical distance required to break up the liquid bridge
but does not modified the maximum cohesion strength.

To do this, we vary the water content from 0 to 10%
and keep fixed the cohesion number and the incident an-

gle which are set to 100 and 10°, respectively. Fig. 8
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FIG. 8: Mean number of ejected particles Ne; as a function of
the Froude number F'r for various water content ranging from
0% to 10%. 6; = 10° and Co = 100. Dash lines stand for the
best fit to the data with linear laws. Inset: Mean number of
ejected particles as a function of the modified Froude number
Fr~.
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FIG. 9: Variation of the critical Froude number F'r. and co-
efficient Ny (inset) as function of the water content €.

depicts the variation of the mean number of ejected parti-
cles as a function of the Froude number for various water
content. First, the critical Froude number Fr. above
which particles are ejected increases with increasing wa-
ter content. Second, above the critical Froude number,
the data still show a linear trend with a slope which de-
creases with increasing water content. As a result, for a



given Froude number, the mean number of ejected parti-
cles decreases with increasing water content, as expected.

The variation of the critical Froude number Fr. and
the slope Ny with  are well captured by power laws (see
Fig. 9):

Q\"

Fr, = Frl® <Q) for Q> Q. (20)
oo (2T

NO = NO Qﬁ fOI' Q > QC (21)

with §; ~ 0.125, 65 ~ 0.11 and . ~ 10~%. Further com-
ments follow. . is the critical value above which the
features of the ejection process are altered by the cohe-
sion. This value is expected to depend on the cohesion
number as we shall see in the next subsection. Similarly
as for the dependence on the cohesion number, we find
that the scaling exponents d; and Jo are close to each
other. We will therefore set 61 ~ d2 = J ~ 1/8. We
also note that the influence of the water content on the
splash process is much weaker than that of the cohesion
number. We indeed have a scaling law with an exponent
¢ which is relatively modest compared to the exponent 3

(B~2/5).

D. Crossed influence of the cohesion number and
water content

In view of the results found on the number of ejected
particles and its dependence on the cohesion number and
the water content, it may be tempting to combine the two
scaling laws established in the previous section. Doing so,
this leads to conjecture that the critical Froude number
Fr. and the coefficient Ny should obey the following laws:

B 5
Fro=Fr® < Co ) <Q> for Co > Co.(Q)

COCO QO
(22)
and
-8 _5
_ v [ Co Q@
No =N, <COC()) (Qo> for Co > Co.(9)
(23)

where C'o.(f2) is the critical value of the cohesion number
above which the splash process is altered by the cohesion
for a given water content € and is given by:

0 —5/B
Co.(Q) = Cog, () (24)
Qg

where Co., ~ 5 is the critical value for Qy = 1% and
d/B ~ 5/16 =~ 0.3. This conjecture allows to conciliate
the results obtained previously but must be verified for
arbitrary values of 2 and Clo.

If the above scaling laws hold, we can thus write an
explicit law predicting the mean number of ejected par-
ticles taking into account the dependence on the Froude

number, the incident angle, the cohesion number and the
water content:

Ney = N&(0) (Pre = Fr®) (25)

where F'r* is the modified Froude number given by

. co N\’ /Y’
Fr*=Fr <00c0> <Qo> for Co> Co.(€2) (26)

where 3~ 2/5, § ~ 1/8, and Co.(Q) ~ Co.,(Q/Q)%/#
(with Q¢ = 1% and Co,, = 5).

To validate this law, we carried out additional simula-
tions of the splash process with a new set of parameters
(Co,Q) not tested before: Co = 10 and Q = 5%. The
incident angle was set to §; = 10°. The outcomes are
presented in Fig. 10 and are in agreement with the pre-
diction given by Eq. 25. This confirms that the scaling
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FIG. 10: Variation of the mean number of ejected particles as
a function of the modified Froude number Fr* for Co = 10
and Q = 5% (The impact angle is kept fixed: 6; = 10°). The
solid line stands for Eq. 25. Inset: Mean number of ejected
particles as a function of the Froude number Fr. The solid

line presents a linear fit to the data: N.; = No(Fr — F're)
with Fr. ~ 20 and Ng ~ 0.2.

laws we conjectured is relevant.

V. DISCUSSION AND CONCLUSION

2D Numerical simulations of the splash process reveals
that there exists a critical cohesion number that depends
on the water content above which the splash process is al-
tered by the cohesion. Above this threshold, the cohesion
of the packing leads to an increase of the critical Froude
number together with a significant decrease of the num-
ber of ejected particles. In contrast, no significant effect
is observed on the rebound law. Importantly, we were
able to establish a law for the number of ejected parti-
cles which takes into account the the cohesion strength



and the water content. The law can be written as:

Nej = No(Co,Q, Hi){Fr — Fr.(Co, Q)} (27)

where the critical Froude number F'r. and the parameter
Ny depend on Co and €2, and are given for Co > Co.(2)

by
Co 2/5 ;o\ /8
Fr. = Fr©® — 2
eert (5o) (m)
and

—2/5 ~1/8

: Q

No ~ 0.61 (1 — e(©?) <CC0°> (Q) (29)
Cco 0

where Co.(2) reads

Q —5/16
COC(Q) ~ COCO <Q> (30)
0

and Co., = 5 is the critical value for Qy = 1%. For Co <

Co.(Q), the ejection process is unchanged and Ny = Néo)

and F'r, = Frﬁo).

Some of these results can be explained by using simple
physical arguments. In particular, the exponents of the
scaling law for the critical Froude number and critical
cohesion number can be derived from energetic consider-
ations. The idea is to estimate the minimum impact en-
ergy E. necessary to trigger the splash process, that is to
eject at least one particle from the bed. The outcomes of
the splash process with cohesionless packing tell us that
this minimum impact energy is: EEO) =mgd FrEO). Now,
in presence of cohesive bonds within the packing, we ex-
pect the minimum impact energy to be enhanced by a
amount corresponding to the energy necessary to break
the liquid bonds of the particle to be ejected from the
bed as: E, = E” + B with BV = nél'd = néCo/2d
(we recall that £ is the critical size of the liquid bridge
above which it breaks down). Eél) corresponds to the
work required to break n liquid bonds. For a particle at
the surface of the packing, n is expected to be between
2 and 4. Consequently, we can infer from this minimum
energy a critical Froude number in the case of cohesive

packings:
1/3
PpS? /
12p; ’

Fr, = Frﬁo)\/ 1+ ;—200 = Fréo)\/l +nCo (77
(31)

where we used & ~ Vll/3 ~ (ﬁppd39/12pl)1/3 (see Eqs 5
and 7). The above relationship indicates that the criti-
cal Froude number is expected to be altered by cohesion
when Co > 2nd/& which yields a critical cohesion num-

ber:
(2N (7T s
Co. ~ (n) ( r ) ~1.20713 . (32)

pp and p; were set to 2500 kg/m? and 1000 kg/m? as in
the numerical simulation whereas n was set to 2. This
prediction is very close to that obtained in the simulation
outcomes (see Eq. 30). The scaling exponent was —5/16
which is fairly similar as —1/3.

Interestingly, Eq. 31 provides also a prediction of the
critical Froude number in the limit of strong cohesion
(i.e., Co > Co.) which yields

Fre o Q% CoPr | (33)

where the predicted scaling exponents are §, = 1/6 and
Bp = 1/2. Again, this prediction is in excellent agreement
with the numerical outcomes where the scaling exponents
were 1/8 and 2/5.

This phenomenological modeling is expected to remain
valid in the context of the 3D packings so we strongly be-
lieve that these scalings should also hold for 3D cohesive
packings. This should however be confirmed by 3D dis-
crete simulations which is currently under investigation.

To conclude, we provided a detailed description of the
splash process in case of cohesive packings whose cohe-
sion is ensured by capillary bridge. This set of results
could be useful to better understand aeolian transport
in the context of moist sand. The new splash laws we
propose and in particular Eq. 27 can be a priori easily
incorporated into models used to describe aeolian sand
transport [23-26]. Indeed, the features of the rebound
and of the ejected particles are needed to derive relevant
boundary conditions at the bed. For example in [26]
a two-phase continuum theory was developed that ex-
plicitly incorporates low-velocity moments of the splash
function in a calculation of the boundary conditions that
apply at the bed. These calculations although lengthy
and fastidious can be updated using the generalized equa-
tion 27 for the number of the ejected particles which in-
corporate the influence of the cohesion through the pa-
rameters Ny and F'r.. This should provide us with mass
transport laws in the context of cohesive granular beds.

We believe that these results could be relevant for nat-
ural cohesive beds like moist sand. The range of the
cohesion strength investigated so far corresponds to typ-
ical cohesion level that can be measured for moist sand.
According to [27] the cohesion strength of unsaturated
sand composed 0.25mm grain size can reach cohesion
number C'o of the order of 10 — 100 when the water con-
tent Q) approaches a few percent. Our outcomes predict
a significant change of the splash function when the co-
hesion strength goes beyond 5. So we expect to observe
a change of the sand transport properties for moist sand
in natural conditions.

Finally, the versatility of the DEM simulations allows
to investigate other types of cohesive interactions such as
solid bridges which is relevant in the context of snow for
example.



Appendix A: Effect of the particle stiffness on the
packing of a cohesive bed

We discuss here on the effect of the introduction of co-
hesive forces on the packing structure according to the
stiffness of the particles compared with the strength of
the capillary force. Fig 11 shows the evolution of the
packing volume fraction as a function of the dimension-
less stiffness K = k, /I’ for a given capillary strength
I". The numerical results indicate that when K is large
enough (i.e., K 2> 5.10%), the introduction of the capil-
lary forces does not alter the particle volume fraction of
the packing which is identical to that of a cohesionless
packing (i.e., ¢ = 0.802).  As the numerical method
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FIG. 11: Particle volume fraction ¢ of a cohesive granular
packing as a function of the dimensionless stiffness parameter
K = ky,/T. The dashed line represents the particle volume
fraction of a non-cohesive packing.

consider soft particles with a given stiffness k,,, strong
cohesion forces could lead to a compression of the pack-
ing. On the contrary, if K is decreased below 5.103, the
volume fraction of the packing increases by a measur-
able amount. This increase reflects the compressibility
of the packing and causes a structural change within the
packing, as illustrated in Fig. 12. Dense clusters sepa-
rated by void appear and the packing does not present
any more a homogeneous structure. In the remaining of
the paper, we will always consider configurations where
the cohesive packing keeps a uniform structure with a
volume fraction similar to that of a non-cohesive pack-
ing. For this, we make sure that K always remains above
5.10%. Accordingly, for strong cohesion strength, we in-
crease the stiffness of the particles so that K is above the
critical value of 5.103.
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Actually, it is not required that two particles be
in contact in order that a capillary bridge forms at
the thermodynamic equilibrium. The condition is that
the inter-particle distance is smaller than 2r;, where
rr is the so-called Kelvin radius defined by rp, =
T/(piksT In(Psar/Pyv)). 1 is on the order of a few
nanometers such as it sets to zero.



