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Abstract

We characterize the di↵erent morphologies adopted by a drop of liquid placed on two randomly oriented fibers,
which is a first step toward understanding the wetting of fibrous networks. The present work reviews previous
modeling for parallel and touching crossed fibers and extends it to an arbitrary orientation of the fibers characterized
by the tilting angle and the minimum spacing distance. Depending on the volume of liquid, the spacing distance
between fibers and the angle between the fibers, we highlight that the liquid can adopt three di↵erent equilibrium
morphologies: (1) a column morphology in which the liquid spreads between the fibers, (2) a mixed morphology
where a drop grows at one end of the column or (3) a single drop located at the node. We capture the di↵erent
morphologies observed using an analytical model that predicts the equilibrium configuration of the liquid based on
the geometry of the fibers and the volume of liquid.

1 Introduction

The spreading behavior of a liquid placed on a solid sub-
strate controls a broad range of natural and man-made
processes, from the clinging of morning dew to spider
webs to the coating of surfaces [1, 2, 3, 4, 5, 6, 7]. Thus,
characterizing wetting phenomena o↵ers insights into the
complex physics of wet or partially wet systems. These
studies also provide knowledge that can be applied to
improve and develop industrial methods in which cap-
illary forces play a key role, e.g. coating, mixing and
agglomeration [8, 9, 10, 11].

When a volume of liquid is placed between two solid
surfaces, a capillary bridge forms. The equilibrium shape
of the liquid bridge has been studied for di↵erent config-
urations of the solid surfaces, e.g. flat plates and spheri-
cal grains [12, 13, 14, 15]. The shape of the liquid bridge
minimizes the interfacial free energy. When the distance
between the surfaces is increased, the liquid exerts an
attractive force that pulls the two surfaces together [16].
This cohesive capillary force gives rise to the rich me-
chanical behavior of wet granular matter [8].

One configuration of solid surfaces has received less at-
tention: the formation of capillary bridges between long
cylinders, or fibers [17, 18]. It is evident that fibrous
media are ubiquitous in both natural systems, such as
feathers and hair [19], and engineered products, includ-
ing paper and textiles [20]. Understanding the wetting of
fibers is thus important for many industries. The wetting
influences the dyeing of textiles, the coloring of human
hair and the spreading of ink on paper. In particular,
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Fig. 1. SEM pictures of drops of binder lying on glass wool. (a)
Drop on a single fiber, (b) liquid in the drop state between two
crossed fibers, (c) and (d) liquid in the column state between
two fibers. Scale bars are 10 µm (pictures from Saint-Gobain
Research, reproduced with permission from Bintein [21]).

configurations for neighboring pairs of fibers: parallel
fibers, touching crossed fibers and non-touching crossed
fibers. In considering a global model for fiber arrays, we
thus need to account for the latter case, in which the
fibers are not touching. Indeed, the closest distance be-
tween non-parallel fibers is an additional parameter that
a↵ects the equilibrium morphology of the liquid.

In this paper, we study the wetting morphologies on a
pair of fibers that are randomly oriented and spaced thus
considering a more general situation than previous work
performed on liquid bridges between touching or parallel
fibers. In particular, we characterize the transitions be-
tween the wetting morphologies on a pair of crossed fibers
with respect to four variables: the angle between the fibers
�, the distance between the fibers h, the fiber radius a and
the volume of liquid V . Thus, the new model presented in
this paper describes the equilibrium wetting morpholo-
gies associated with any fiber configuration and recovers
the results obtained previously for parallel and touching
crossed fibers. We also highlight the understanding of the
liquid morphology between randomly oriented fibers in
a new 3D diagram. This characterization of equilibrium
wetting morphologies is essential for future studies on the
properties of wet fibrous media including their drying be-
haviour.

2 Experimental methods

We consider an array of randomly oriented fibers, whose
typical mesh size is large compared to the drop radius,
i.e. an array made of long fibers and with a large poros-
ity, as illustrated in fig. 2(a); the notations we will use are
given in fig. 2(b). A drop of liquid deposited on the ar-
ray encounters one of four possible fiber configurations: at
equilibrium the liquid can be located i) on a single fiber,
ii) on two parallel fibers (h 6= 0 and � = 0), iii) at the
point of contact of two touching crossed fibers (h = 0 and
� 6= 0), or iv) at the point of minimum distance between
two non-touching crossed fibers (h 6= 0 and � 6= 0). Only
the three latter configurations result in the formation of

Fig. 2. (a) Representation of an array of randomly oriented
rigid fibers. (b) Schematic of the system composed of two fibers
of radius 2 a. The z-axis defines the position where the two
fibers, having a tilt angle �, are the closest, i.e., when their
axis are separated by a distance 2 h + 2 a.

a capillary bridge and are thus of interest in the present
study.

To consider the di↵erent configurations, we use a pair
of identical nylon fibers tilted with an angle � and sep-
arated by a minimum separation distance h. We show a
schematic of the fiber configuration in fig. 2(b). Each fiber
is held horizontal and clamped at both ends, with one fiber
a�xed on a rotating stage (PR01, Thorlabs) with a mi-
crometer drive that allows for the variation of the angle
� in increments of 0.1�. The rotating stage is mounted
on a linear translation stage (PT1, Thorlabs) with a mi-
crometer drive that allows for the variation of the verti-
cal closest distance between the fibers h in increments of
5µm. We use various fiber radii a 2 [100; 225]µm (ny-
lon fibers from Sufix Elite) and separation distances be-
tween fibers h 2 [0, 6a]. Nylon fibers exhibit micrometer-
scale roughness, but we have not observed any noticeable
hysteresis with perfectly and partially wetting fluids [25].
We perform systematic experiments in the three possi-
ble fiber configurations with silicone oil (5 cSt, density
⇢ = 918 kg/m3, surface tension � = 19.7mN/m, puchased
from Sigma-Aldrich), which is perfectly wetting on the
fibers. The capillary length that describes the scale at
which the gravity e↵ects become noticeable is defined as
`c =

p
�/(⇢g), where g is the gravitational constant and

� is the surface tension. This length is about 1.5mm for

Figure 1: SEM pictures of drops of binder lying on glass
wool. (a) Drop on a single fiber, (b) liquid in the drop
state between two crossed fibers, (c) and (d) liquid in the
column state between two fibers. Scale bars are 10 µm
(Pictures from Saint-Gobain Research, reproduced with
permission from Bintein [21]).

understanding the distribution of liquid in an array of
fibers is also critical to the generation of fiber mats used
in glass wool for insulation purpose. In this situation
the glass fibers are stuck together by a binder fluid. The
final properties of the fiber mats are in part controlled
by how the wetting binder fluid is distributed among the
glass wool before its solidification (figure 1a-d). In ad-
dition, glass wool does not swell when in contact with
liquid and we will therefore neglect this e↵ect [21].

Because of challenges in visualizing the microstruc-
tures, fibrous media are complex arrays of fibers that
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INTERFACIAL EFFECTS IN SUSPENSIONS
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FIG.4.(Top)EvolutionoftheminimalneckdiameterWforasuspensionswithd=140µmandφ=40%(gray)forthe
pureinterstitialoilShinEtsu(lighter–cyanonline)andforthepureoilAP1000(darker–purpleonline)matchingtheshear
viscosityofthesuspension.Theoriginofthex-axisisgivenbythetimeofthepinchoffforthesuspension;thegraphs
forthepureoilsShinEtsuandAP1000areshifted"tSE=−30.75msand"tAP1000=−124ms,respectively.(Bottom)
CorrespondingsnapshotsfortheinterstitialoilShinEtsu(Top),thesuspension(Middle),andthepureoilAP1000(Bottom).
Thesnapshotsaretakenatthemomentsofthedetachmentprocessindicatedbythedashedlinesandarediscussedinthetext.

Atacertainneckdiameter,oneobservesthecrossovertotheregimewherethethinningdynamics
areidenticaltotheinterstitialfluid.Andfinally,thesuspensionsdetachmorequicklythanthe
interstitialfluid.

Insummary,weobservethreedifferentdetachmentregimes:I)aregimewherethedynamics
aregovernedbytheshearviscosityofthesuspensionsandthesuspensionsbehaveasaneffective
fluid;II)aregimewherethedynamicsaregivenbytheinterstitialfluid,andIII)afinaldetachment
regimeclosetothefinalpinchoff.
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Dense Suspension Splat: Monolayer Spreading and Hole Formation after Impact
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We use experiments and minimal numerical models to investigate the rapidly expanding monolayer
formed by the impact of a dense suspension drop against a smooth solid surface. The expansion creates
a lacelike pattern of particle clusters separated by particle-free regions. Both the expansion and the
development of the spatial inhomogeneity are dominated by particle inertia and, therefore, are robust and
insensitive to details of the surface wetting, capillarity, and viscous drag.

DOI: 10.1103/PhysRevLett.113.044502 PACS numbers: 82.70.Kj, 47.57.Gc, 45.70.Qj, 82.70.Dd

Since the pioneering work by Worthington [1], the
spreading of liquid droplets upon impact has remained
an active research area [2,3]. At meters-per-second impact
speeds, the spreading divides into two stages [4]: an initial,
rapid spreading dominated by liquid inertia and, conse-
quently, insensitive to surface wetting and capillary or
liquid viscosity, followed by a slower evolution where the
intricate interplay of these effects is important.
Here we examine an analogous inertia-dominated

spreading dynamics in a dense suspension impact. We
use a suspension of rigid, non-Brownian particles at a high
volume fraction (60% or above). This impact regime has
received little study [5]. Previous studies on particle-laden
drop impact have mainly analyzed slow evolution in dilute
and semidilute suspensions [6–9]. We find that an impact
at several meters per second produces a novel outcome
(Fig. 1): the suspension drop deforms into a splat com-
prised of a single layer of densely packed particles
immersed in a thin liquid layer. As the splat expands,
voidlike regions appear and grow, causing the final splat to
display a lacelike pattern of particle clusters separated by
particle-free regions. Because particle inertia dominates the
expansion and the instability, the monolayer splat dynamics
is robust and only weakly modified by surface wetting,
capillarity, and viscous drag.
This insensitivity to material and surface properties is

often the desired outcome in coating processes. This makes
our results useful in ongoing efforts to assess the cohesive
strengths of colloidal semiconductor quantum dots by
measuring their maximal splat size after impact [11], as
well as applications such as thermal spray coating of sintered
powders [12] and additive manufacturing using inkjet
printing [13,14]. These processes often involve concentrated
suspensions. Moreover, the impact speeds are often very
large. As a result, despite the smaller particles used in these
processes, the postimpact spreading dynamics belongs in the
same particle-inertia-dominated regime as our experiments.
Experiments.—Dense suspensions were made by

adding spherical ZrO2 particles (d ¼ 250" 22 μm,

ρp ¼ 5.68 × 103 kgm−3) to water or silicon oils. Letting
the particles sediment inside a straight cylindrical syringe
produces packing fractions of ϕ ¼ 0.61" 0.02. As gravity
pulls the suspension down, a pinch-off occurs below the

(a)

(b)

(c)

FIG. 1 (color online). Dense suspension impact, splat, and
instability. (a) Side view: A cylindrical plug impacts a smooth dry
glass surface, splashes by ejecting particles upwards, and flattens
into a monolayer. (b) Bottom view: The initial, nearly circular
splat expands. Inhomogeneities appear as regions of particle
clusters separated by particle-free regions (dark). (c) Close-up:
Clusters drag streaks of liquid along as they move outwards,
visible by the contrast in liquid color [10]. (d) Substrate area
coverage as a function of time. Once the covered area approaches
a constant value (shaded region), particles are spread out in a
monolayer.
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t = 0 ms t = 1 ms t = 3.5 ms t = 7 ms t = 11 ms
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Figure 1. Schematic of the experimental set-up: a drop of diam-
eter d0 impacts the cylindrical target (diameter dt) at a velocity
u 0, leading to the formation of a transient liquid sheet of diameter
d(t) = 2 R(t).

the liquid at 90o and the liquid sheet horizontal. The tar-
get is mounted on a hollow plexiglas plate and illuminated
from below using a LED Panel. We record the spreading
of the sheet from the top using a high speed camera (Phan-
tom v611) with a macro lens (Nikon 105 mm) typically at
9000 fps.

The suspensions are prepared with spherical
polystyrene PS particles (Dynoseeds) of density
ρ ≃ 1058 kg m3 dispersed in a mixture of 25%wt
glycerol/water solution such that the particles are neu-
trally buoyant. We use particles of diameter d = 140 µm
that are larger than the mean thickness of the liquid sheet.
The viscosity of the glycerol/water mixture at T = 24oC is
η0 = 1.85 mPa.s and its surface tension is γ = 70 mN.m−1.
The liquid viscosity is chosen small enough for the liquid
sheet to reach a diameter of few centimeters. It requires
that both viscous and capillary effects remain small
compared to the inertial effects. In term of dimensionless
number, this condition is described trough the Weber
number

We =
ρ u 0

2 d0

γ
, (1)

which compares the magnitude of inertial and capillary ef-
fects and the Capillary number

Ca =
η u 0

γ
, (2)

which describes the ratio of viscous and capillary effects.
Here, we have used a liquid phase with a low viscosity and
work with diluted suspensions (φ = [0 %; 30 %]). There-
fore, all of our experiments are performed in the regime
where We ≫ 1 and Ca ≪ 1. The experiments presented
in this paper are performed at a Weber number We ≃ 490.

Two typical experiments, without and with particles,
are shown in Fig. 2 and illustrate the dynamics of the
liquid sheet from the impact of the drop on the target at
t = 0 ms to the retraction and the atomization into droplets

after about 10 ms. We observe that the geometry of the
liquid sheet during the spreading satisfies to the cylindri-
cal symmetry of the geometry: a thin liquid sheet sur-
rounded by a rim extends horizontally, suspended in air
until it reaches the maximum diameter that results from
a balance between the inertial and capillary effects. As
shown on this figure, the value of the maximum diameter
depends on the presence or absence of particles but also on
the size of the drop and the impactor as well as the impact
speed. Once the liquid sheet reaches its maximum diam-
eter, the film retracts under the effect of capillary forces
and destabilizes, losing its cylindrical symmetry. We also
note that during most of the process, especially during the
recessing phase, droplets are generated.

3 Spreading of particle-laden liquid sheets

We first characterized the evolution of the thickness of the
liquid sheet in the absence of particles. We have imple-
mented an optical method based on the absorption of light
to measure the thickness of the sheet. This method re-
lies on grayscale images of the sheet recorded with a high-
speed camera. Using the Beer-Lambert law and a prelimi-
nary calibration, we can obtain the time and spatial evolu-
tion of the liquid thickness [10]. The results obtained via
this method are shown in Fig. 3 and indicate that the thick-
ness of the sheet varies between 20 µm and 160 µm. The
particles used in this study, of diameter 140 µm, are larger
than the liquid thickness and will therefore be subject to
capillary forces. We also observe that the thickness of the
liquid sheet decreases with the distance r from the center
of the impactor at both short time and long time.

We consider the expansion dynamics of liquid sheet in
the absence of particles to compare our results with previ-
ous predictions who considered the limit of long times and
were able to show that the time evolution of the diameter
of the liquid sheet is described by the expression [7]:

R(t) − r0

r0
=

√
2
3

We
t
τ

(
1 − t
τ

)2
(3)

where τ =
√
ρd0

3 /(6 γ). The spreading dynamics is
partially in agreement with the theoretical modeling as
shown in Fig. 4. In this model, we expect a prefactor
a =

√
2 We/3 ≃ 18, whereas our experiments suggest that

a = 15. Note that this discrepancy can be explained by the
characteristics of the impactor, and in particular its wetta-
bility and the presence of the outer cylinder [10].

We have systematically studied the effect of the
140 µm diameter particles on the spreading dynamic of the
liquid sheet as shown in Fig. 4. The particles are larger
than the liquid sheet thickness and are therefore subject to
capillary force. We observe that, although the evolution
are similar in all cases, there is a strong decrease of the
maximum spreading diameter, even at low concentrations.
We can also notice that the lifetime of the liquid sheet is
greatly reduced by the presence of particles. More specifi-
cally, the expansion phase is slightly modified, but the total
life is greatly reduced. A first assumption can be made to
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Figure 1. Schematic of the experimental set-up: a drop of diam-
eter d0 impacts the cylindrical target (diameter dt) at a velocity
u 0, leading to the formation of a transient liquid sheet of diameter
d(t) = 2 R(t).

the liquid at 90o and the liquid sheet horizontal. The tar-
get is mounted on a hollow plexiglas plate and illuminated
from below using a LED Panel. We record the spreading
of the sheet from the top using a high speed camera (Phan-
tom v611) with a macro lens (Nikon 105 mm) typically at
9000 fps.

The suspensions are prepared with spherical
polystyrene PS particles (Dynoseeds) of density
ρ ≃ 1058 kg m3 dispersed in a mixture of 25%wt
glycerol/water solution such that the particles are neu-
trally buoyant. We use particles of diameter d = 140 µm
that are larger than the mean thickness of the liquid sheet.
The viscosity of the glycerol/water mixture at T = 24oC is
η0 = 1.85 mPa.s and its surface tension is γ = 70 mN.m−1.
The liquid viscosity is chosen small enough for the liquid
sheet to reach a diameter of few centimeters. It requires
that both viscous and capillary effects remain small
compared to the inertial effects. In term of dimensionless
number, this condition is described trough the Weber
number

We =
ρ u 0

2 d0

γ
, (1)

which compares the magnitude of inertial and capillary ef-
fects and the Capillary number

Ca =
η u 0

γ
, (2)

which describes the ratio of viscous and capillary effects.
Here, we have used a liquid phase with a low viscosity and
work with diluted suspensions (φ = [0 %; 30 %]). There-
fore, all of our experiments are performed in the regime
where We ≫ 1 and Ca ≪ 1. The experiments presented
in this paper are performed at a Weber number We ≃ 490.

Two typical experiments, without and with particles,
are shown in Fig. 2 and illustrate the dynamics of the
liquid sheet from the impact of the drop on the target at
t = 0 ms to the retraction and the atomization into droplets

after about 10 ms. We observe that the geometry of the
liquid sheet during the spreading satisfies to the cylindri-
cal symmetry of the geometry: a thin liquid sheet sur-
rounded by a rim extends horizontally, suspended in air
until it reaches the maximum diameter that results from
a balance between the inertial and capillary effects. As
shown on this figure, the value of the maximum diameter
depends on the presence or absence of particles but also on
the size of the drop and the impactor as well as the impact
speed. Once the liquid sheet reaches its maximum diam-
eter, the film retracts under the effect of capillary forces
and destabilizes, losing its cylindrical symmetry. We also
note that during most of the process, especially during the
recessing phase, droplets are generated.

3 Spreading of particle-laden liquid sheets

We first characterized the evolution of the thickness of the
liquid sheet in the absence of particles. We have imple-
mented an optical method based on the absorption of light
to measure the thickness of the sheet. This method re-
lies on grayscale images of the sheet recorded with a high-
speed camera. Using the Beer-Lambert law and a prelimi-
nary calibration, we can obtain the time and spatial evolu-
tion of the liquid thickness [10]. The results obtained via
this method are shown in Fig. 3 and indicate that the thick-
ness of the sheet varies between 20 µm and 160 µm. The
particles used in this study, of diameter 140 µm, are larger
than the liquid thickness and will therefore be subject to
capillary forces. We also observe that the thickness of the
liquid sheet decreases with the distance r from the center
of the impactor at both short time and long time.

We consider the expansion dynamics of liquid sheet in
the absence of particles to compare our results with previ-
ous predictions who considered the limit of long times and
were able to show that the time evolution of the diameter
of the liquid sheet is described by the expression [7]:
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a = 15. Note that this discrepancy can be explained by the
characteristics of the impactor, and in particular its wetta-
bility and the presence of the outer cylinder [10].

We have systematically studied the effect of the
140 µm diameter particles on the spreading dynamic of the
liquid sheet as shown in Fig. 4. The particles are larger
than the liquid sheet thickness and are therefore subject to
capillary force. We observe that, although the evolution
are similar in all cases, there is a strong decrease of the
maximum spreading diameter, even at low concentrations.
We can also notice that the lifetime of the liquid sheet is
greatly reduced by the presence of particles. More specifi-
cally, the expansion phase is slightly modified, but the total
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Results
(...) Ballistic motion of the particles is evidenced by the
measurements of the velocity of the particles at different con-
centrations (see figure 3). The only effect of concentration is
the decrease of the ejection velocity ui, presented in the inset
of figure 2(b). The particle size does not affect this velocity
nor the maximum diameter (see inset of figure 3(b)), which
highlights that the diminution of the maximum diameter is
not caused by the deformation of the liquid but rather by the
viscous dissipation during impact.

Clustering - atomization - droplet size

(a) (b)

Figure 2. (a) Examples of evolution of the diameter of the
liquid sheet (normalized by the target diameter) vs
normalized time, for various concentrations f . The expansion
dynamics are comparable, although the maximum diameter
decreases with increasing f . Black dashed line represent the
theoretical prediction without particles, given by
equation (??). (b) Normalized maximum diameter of the
liquid sheet, for suspensions of different concentrations
(colored circles) or water-glycerol mixtures (empty triangles).
The dashed line shows the best fit by a/(1+b

ph) (eq. ??),
with a = 3.7 and b = 6.3 (Pa.s)�1/2. Inset: Normalized
maximum diameter function of the (square root of) the Weber
number Wei = rd0u2

i /g , based upon the velocity of the sheet
at the edge of the target: the effective viscosity explains the
reduction of the maximum diameter by reducing the ejection
velocity. The mean slope is 0.06, shown in full line. In all
figures, colors corresponds to particle concentration from 2%
(purple) to 45% (red). [Utiliser r au lieu de d (pas de
confusion avec la taille des particules?) ; Quel préfacteur
pour equation théorique ? equation d’ouverture pour
conditions initiales en di ; average of r(t) on several data
sets? ou utiliser un diamètre (hors filaments) pour une
variation plus lisse de r vs t (actuellement extrait de la
surface...) ] ; refaire mesures phieff avec mesure directe de
viscosité (ici estimée à partir de la fraction de glycerol)?
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Expansion : captured using the 
viscosity of the suspension

S. Arora, C. Ligoure, & L. Ramos, 
Phys. Rev. Fluids (2016)

(a) (b)

Figure 6. (a) Distributions for different particle
concentration normalized by the mean size of droplets
(colorbar is the same as previous figures). All distributions
collapse on a gamma distribution of order 9, shown here in
black dashed lines. Inset shows the corresponding mean
droplet sizes versus concentration f . Here, d = 140 µm.
(b) Distributions for fixed concentration f = 30% and
different particle sizes also collapse on the gamma
distribution. Inset: variation of the mean droplet size function
of the particle diameter. the mean droplet size measured for
equivalent water-glycerol mixture is shown in dashed line
(green), as well as the results obtained without particle (black
line). [Verif en cours sur ces données (cf ecart entre bleu et
vert = manips d’Anthony et les miennes)...]
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Atomization modified by the 
formation of clusters

Drop fragmentation 427

Figure 9. Construction of the elementary drop size distribution from the breakup of similar
ligaments. The first image is a snapshot taken close to the maximal sheet extension 1/100 s
after drop impact. The time interval between the images is 1/100 s; We = 490.

5. Drop size distributions
5.1. Elementary distributions from ligament breakup

Sprays are built from the breakup of ligaments. Depending on the way the ligaments
have been prepared, precisely depending on their initial roughness, the distribution
of sizes d in the spray is more or less broad. The distribution coming from ligament
breakup is of a gamma type,

Γ (n, x = d/⟨d⟩) =
nn

Γ (n)
xn− 1 e− nx , (5.1)

with a parameter n being the function of the ligament corrugation. As explained
in Villermaux (2007), this distribution does not result from the maximization of
an entropy (which would give a distribution with a much too rapidly falling large
excursion tail), nor does it reflect a sequential multiplicative process (which would
give a log-normal distribution). It originates from the rearrangement dynamics of
the fluid particles along the ligament as the ligament separates into disjointed drops.
The index n refers to the roughness of the ligament: a straight, smooth ligament has
n= ∞ and produces a single-size population of drops. A strong corrugation means
that the amplitude of the cross-section diameter fluctuations along the ligament is of
the order of its mean radius. In that case, the parameter n is of order of a few units,
typically 4–5.

These corrugated ligaments are those produced by the radial expulsion from the
sheet rim, as seen in figure 9. The corresponding distribution of sizes P (d), obtained
for a moderate impact Weber number We = 490 is indeed observed to be

P (d) =
1

⟨d⟩Γ (5, d/⟨d⟩) (5.2)

with an order n = 5 (figure 10), identical to the one observed for a continuous jet
impacting a solid target, expanding radially and then fragmenting into drops via
corrugated ligaments (see figure 23 in Bremond, Clanet & Villermaux 2007). This is
the ‘elementary’ distribution obtained when all the ligaments carry the same volume
of fluid and have the same level of corrugation, that is when they all break with
a mean drop size ⟨d⟩. This distribution is similar in shape with those commonly
measured in drop impacts (Stow & Stainer 1977; Mundo et al. 1995; Yarin & Weiss
1995; Roisman et al. 2006) and is probably a good quantitative fit for them.

B. Keshavarz, E. C. Houze, J. R. Moore, M. R. 
Koerner & G. H. McKinley, Phys. Rev. Lett (2016).

Role of the interfacial effects in suspension flows: Particles 
modify thin film dynamics through viscous and local effects
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Figure 1 Stiffness of a wet granular pile in comparison with the reorganization

of liquid structures. a, Mechanical properties: Tensile strength (filled squares),
critical acceleration for fluidization (open circles). The dashed horizontal line is a
guide to the eye. Inset: Yield stress14. b, Images: Sections through 3D tomograms of
the analysed samples at W= 0.02, 0.04 and 0.11, from left to right. Main panel:
Frequencies of liquid objects as extracted from X-ray tomography data. Left axis
(open symbols): Average number of capillary bridges on a sphere (triangles:
fluorescence microscopy16; squares: X-ray tomography). Right axis: Average number
of clusters per sphere (filled symbols), and normalized volume of the largest cluster
(half-filled symbols). In both a and b, the vertical error bars are standard deviations;
the horizontal error bars reflect the experimental accuracy of determining the
liquid volume.

is the number of beads in a box of volume V0, the total surface area
of these beads is S = 4⇡N R2. As the volume fraction of the beads
is ⇢ = 4⇡N R3/3V0, and the volume of the void space is given by
V = (1�⇢)V0, we readily find

S = 3V⇢

R(1�⇢)
. (1)

This is represented as the solid line in Fig. 2c, which is clearly
remote from the experimental data. The dashed line indicates the
surface-to-volume ratio of the largest liquid cluster we found at

W = 0.17 (equivalent to about 40% filling of the available pore
space). It provides a lower bound to the displayed data, and still
lies by a factor of three above the solid line. This shows that the
liquid forms ramified objects, in strong contrast to spontaneous
imbibition from a liquid reservoir, which leads to compactly
filled regions22,23.

To put this result in perspective, we have to take a closer
look at the geometrical details of the liquid structures within the
granular pile. Consider a dense random pile of spheres, where the
liquid makes a contact angle ✓ with the surface of the spheres.
A capillary bridge between adjacent spheres with separation s is
shown schematically in the inset of Fig. 2d. As can be seen from
our tomographic data, s is very small for all capillary bridges and
will be assumed equal to zero in the following consideration. In this
case, the Laplace pressure in a capillary bridge, pcb, is easily derived
assuming a toroidal shape of the liquid surface24,25:

pcb(�,✓) = � �

R


cos(�+ ✓)

1�cos�
� 1

sin�

�
, (2)

where � is the surface tension of the liquid and � is the bridge angle
(Fig. 2d). Similarly, it is straightforward to obtain the volume of a
capillary bridge, Vcb(�,✓), as a (lengthy) closed expression24,25.

Next, we consider the transformations that are expected to take
place when the amount of liquid is gradually increased. Initially,
this demands an increase of the bridge angle �, and hence of the
area of the glass surface that is covered by each capillary bridge.
At the same time, the magnitude of the Laplace pressure, |pcb|,
becomes smaller according to equation (2). These eVects cancel
each other almost exactly as far as the mutual force on the spheres
is concerned, because this is mainly given by pcb multiplied by
the projected area of liquid contact6,24, ⇡(Rsin�)2. As a result, the
mutual attraction of the glass spheres remains roughly constant at
2⇡R� cos✓.

At larger liquid content, however, neighbouring bridges will
touch each other and coalesce forming larger agglomerates. As is
evident from the inset of Fig. 2d, the minimum value of � at which
coalescence may take place in a dense regular packing of equally
sized spheres is �⇤ =⇡/6 = 30�. This value of the maximum bridge
angle corresponds to an equilateral triangular configuration, that
is, three spheres in mutual contact. The corresponding Laplace
pressure p⇤ = pcb(�

⇤,✓) is equal to �(1+2
p

3)�/R ⇡ �4.46�/R
for complete wetting ✓=0�. Whenever two capillary bridges located
on the same sphere come into contact and coalesce, the ‘triangular’
opening between the sphere and two of its neighbours will be
filled with liquid. Hence, this type of coalescence event invariably
involves three adjacent spheres. The resulting morphology, which
we call a trimer, is shown in Fig. 2a. Except for the central
part, its shape is almost identical to the union of three capillary
bridges before coalescence at the corresponding Laplace pressure of
the trimer.

A statistical analysis of the tomography data reveals that the ⇡/6
rule for the coalescence of capillary bridges is still applicable to our
randomly packed pile of glass beads. The measured distribution of
angular distances between contact points shown in Fig. 2d exhibits
a sharp peak at 60�, reminiscent of the regular arrangement of
equally sized spheres (the smaller peak at ⇡115� may be attributed
to ideal bipyramidal configurations). Angular distances below 60�,
however, are virtually absent. Larger liquid structures will emerge
in the pile by consecutive fusion of smaller clusters at their outer
loops once the Laplace pressure comes close to the critical value,
p⇤. The coalescence also leads to a rather open liquid morphology
for larger clusters, just as observed in the experiments (Fig. 2). The
fused capillary bridges that constitute the cluster appear as loop
structures in the X-ray tomograms.

190 nature materials VOL 7 MARCH 2008 www.nature.com/naturematerials
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roughness, below a critical liquid volume fraction about 0.2%, the
bridges between the beads cannot form. At higher volume fractions,
the bridge force is dominated by the curvature of the meniscus and at
even higher volume fractions the bridges start merge into larger
pockets of fluid13. The macroscopic shear modulus G of a mac-
roscopic cube of dimension L containing a large amount of grains
can be defined as the ratio of stress and strain:

G~2 1znð Þ Fstrain =L2

Dx=L
, ð2Þ

where Dx/L is the strain, Fstrain /L2 the stress and n < 0.5 the Poisson
ratio. Assuming that at the level of single particles the capillary and
elastic forces are balanced for each pair of grains and using the simple
Hertz contact for the grain contact elasticity, the optimum strength G
can be found by averaging over all pairs as13:

G~aa{1=3E2=3c1=3, ð3Þ

where a is the radius of the grains, E is the Young’s modulus of the
grain material and c is the surface tension of the liquid-air interface,
respectively. a is constant of proportionality that expresses how
much the individual capillary sphere-sphere bonds are deformed
relative to the globally imposed strain. To compute an estimate of
a, we take a simple cubic crystal of frictionless spheres and average a
over different straining directions, which gives a < 0.054. We take
the function f(Vf) < 1 for determining the maximum strength; f(Vf)
shows the dependence of the elastic modulus to the liquid volume
fraction and is unity for the optimum volume fraction13.

Discussion
This model gives a very accurate result for the maximum strength of
the sand packing (Fig. 3), which makes it possible to compute how
high sandcastles can be built from the predicted elastic modulus for
any size grains of wet sand. Using typical values for beach sand, a

Figure 1 | Sandcastles with diameters 2 cm and 7 cm.

Figure 2 | Experimental data points and theoretical prediction of the
maximum height of sandcastle as a function of its radius. The solid line is
the theory without any adjustable parameters using G 5 0.054 a21/3E2/3c1/3,
where a 5 100 mm, E 5 30 GPa, c 5 70 mN/m. The density of the sand is
r 5 2.6 g/cm3. The small but systematic discrepancy between the theory
and the experiments is likely to be due to perturbations that arise when we
remove the PVC pipes, leading to a somewhat smaller maximum height
than the theoretical one.

Figure 3 | The elastic shear modulus vs. volume fraction of water (circles:
experimental measurements, dashed line: theoretical prediction for the
optimal strength from Eq. 3). The measurements were done on a
commercial rheometer using a vane-in cup geometry where the cup was
covered with sandpaper and the sand compacted as for the sandcastle
experiments. Inset: picture of the grains.

www.nature.com/scientificreports
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Fdrag onewould measure when dragging the whole cylinder

(Fig. 1). In the following, all our measurements are
expressed in terms of Fdrag . Note that our setup is similar

to the one developed by Brzinski and Durian [16] who
studied drag forces in various gravity and velocity condi-
tions. However, an important difference is the depth of our
container, which is larger than the length of the cylinder.
We will see that this condition enables us to reveal a new
unexpected regime.

The experimental procedure is the following. The pack-
ing is stirred vigorously and homogeneously and then
slightly compacted by lateral taps on the tank. The esti-
mated mean volume fraction at the beginning of the experi-
ments is ! ¼ 0:62. The cylinder is then plunged at the
desired depth into the granular medium and the tank is put
in rotation while recording the torque. All the experiments
have been carried out in the quasistatic regime (the inertial

number is less than 5" 10#3), when the measured torque
is independent of the angular velocity [9]. Typical time
evolutions of the drag force on the cylinder are plotted in
Fig. 2(a) for different depths h. When starting the rotation,
the drag force rapidly increases, reaches a maximum, and
drops. After several rotations, it eventually reaches a sta-
tionary value. The striking result is that, whereas the drag
force during the first half-rotation increases with depth h,
the stationary value after long time is roughly the same for
all runs. This means that the higher the depth, the higher
the drop of the drag force after several rotations.
Figure 2(b) shows how the maximum drag force during
the first half-rotation Fhalf

drag and the stationary drag force

after several rotations F1
drag varies when changing the depth

h of the cylinder. Whereas Fhalf
drag increases linearly with h as

expected from our knowledge of the frictional nature of
the drag in granular media, F1

drag , which initially follows

the same trend, rapidly saturates and becomes independent
of h for h > hcrit, with hcrit ’ 6 cm in this case. This
saturation of the drag force with the depth is observed for
all the cylinders we have tested, but the critical thickness
and the level of saturation depend on the length of the
object, a point we will discuss later. The measurements
then show that the drag force after several rotations is
independent of the hydrostatic pressure. Passing over and
over in its own wake seems to create a structure within
the packing, which is able to screen the mass of grains
above and dramatically lower the force needed to move.
We have checked that this depth-independent steady

drag is a robust phenomenon. First, the stationary value
F1
drag is independent of the preparation of the sample.

Starting from a loose or a dense packing changes the
drag during the first half-rotation but not its stationary
value after several rotations. Similarly, first putting the

FIG. 2 (color online). (a) Drag force as a function of the number of rotations for a cylinder D ¼ 6 mm, L ¼ 60 mm. The different
curves are obtained at different depths. The dotted line shows the end of the first half-rotation. (b) Maximum drag force during the first
half-rotation (Fhalf

drag , red circles) and during the steady state (F1
drag , black squares) as a function of depth. The data points (i)–(v)

correspond to (a).

FIG. 1. Sketch of the experimental device.
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strongly depends on the surface tension and the contact angle of the liquid with the bead surface. Since the 
surface tension is determined by the used liquid, the contact angle can be measured from capillary bridges in a 
granular pile. Varying the bead material results in different contact angles of the liquid with the beads. 

 
Figure 1: Experimental measurement of capillary force between two grains [31] 

1.2.2. TASK 2: DESIGN AND FABRICATION OF SHEAR DEVICES 
1. Annular shear cell for the bulk rheology 
Period: January 2017 - December 2018  
Researcher in charge: A. Fall,  
Other participants: Technical staff 
 
Detailed program: 

Granular materials do not always flow homogeneously like fluids when submitted to external stress, but 
often form rigid regions that are separated by narrow shear bands where the material yields and flows. This 
shear localization impacts their apparent rheology, which makes it difficult to infer a constitutive behaviour 
from conventional rheometric measurements. Moreover, they present a dilatant behaviour, which makes their 
study in classical fixed-volume geometries difficult. Due to the capillary cohesion, unsaturated granular 
materials must be confined under shear to carry out rheometric experiments. There are two possible ways of 
confining the granular material. The most common method, especially for the case of dense systems, is to 
prescribe the normal forces acting on the top and the bottom shearing walls and let the walls fluctuate in 
vertical direction. This would be equivalent to prescribing the pressure of the system. The other method 
would be to fix the vertical position of the walls and to shear with a constant volume. In most configurations, 
constant volume is preferred to shear granular gases [59]. The studies of da Cruz et al. [60] on dense granular 
systems with MD simulations show that in steady state the system behavior for both prescribed pressure and 
prescribed volume are identical. These features led numerous groups to perform extensive studies with 
inclined plane flows, rotational dump which were of crucial importance for the development and the 
validation of the � ��IP rheology for dry and completely wet granular materials [60]. Our aim is to develop a 

method to characterize wet granular materials with rheometrical tools. 
To investigate the steady flows of dry and unsaturated granular materials and determine the 

� ��IP rheology, the two or three main features that are required: (i) to avoid shear banding, (ii) to apply a 

confining stress in the velocity gradient direction while (iii) allowing for solid fraction I  variations. If one 

wants to use a rheometer, (i) implies that the use of a Couette cell should be avoided since it is characterized 
by a shear stress inhomogeneity that naturally leads to shear-banding. Both the cone-and-plate and the 
parallel-plate geometries allow for imposing a normal force in the velocity gradient direction; however, the 
analysis of the cone-and-plate flow can be performed only at a single gap value, i.e. it cannot be used to 
characterize a material whose volume varies under shear. On the other hand, any gap variation in parallel-
plate geometry can be accounted for in the determination of the shear rate value. Moreover, shear banding 
should in principle be avoided in this last geometry since the shear stress is independent of the vertical 
position in the gap [61]. Nevertheless, the shear rate varies along the radial position and is equal to zero in the 
center. One should thus try to avoid the use of the central zone of the gap. Finally, the material should be 
confined by lateral walls to make sure that any gap variation actually leads to a material volume fraction 
variation. These requirements led us to develop a prototype of home-made annular shear cell in which 

Soulie et al. EPJE (2006)

measured upper and lower contact angles in scatters by taking an aver-
age on the left and right side values. 3rd order polynomial fits are also
illustrated in solid or dash lines.

The measured contact angles at different displacements are then be
input into Surface Evolver to reproduce the laboratory experiment. We
use the polynomial fitting equations as the input parameters to assign
contact angles in the numerical simulations. The experimental results
(scatters) and the numerical solutions (lines) are depicted in Fig. 8 in
normalised forms for comparison. Due to the pinning effect [47], an in-
crease in capillary force with increasing separation distance is observed
and after the contact angle reduced to the receding angles the three
phase contact line on the bottom sphere stat to slip and leads to a de-
crease in capillary force until rupture. The numerical solutions (plotted
as lines) generally have a fair agreement with the experiment results
and only some shifts are observed in the positions of the maximum
forces. The discrepancies between the experimental measurements
and numerical solutions in Fig. 8 may be induced by the roughness of
the spheres, errors in contact angle measurement and the asymmetry
of the liquid phase. Nevertheless, it can be seen that the numerical ap-
proach achieved reasonable solutions on this problem and thus it can
be employed for further discussions like water bridge coalescence and
rupture distance in the following sections.

3.3. Effect of water bridge coalescence

In the pendular state, water bridges are formed between particle
pairs and capillary force has a clear analytical solution which is widely
adopted in DEM simulations [48–51]. By increasing water content, the
assumption of thependularwater bridge inDEMsimulation is no longer
valid as they may overlap with each other and in reality they will

coalesce and form a funicular water bridge. The effect of water bridge
coalescence therefore should be investigated.

Two scenarios are compared in this study (Fig. 9). In the first scenar-
io the funicular water bridge with a particular water volume is formed
between particles and the capillary effect is numerically solved for dif-
ferent displacement. Another scenario is that the same amount of
water is split into three pendular water bridges connecting the three
particles. The volumes of the pendular water bridges are assumed to
be identical (3V1=V) and the possible water bridge overlapping is ig-
nored. The capillary force on the bottom sphere is then calculated
from the force projection on the vertical direction based on the analyti-
cal solution of a pendular water bridge [17] in which the capillary force
on a pendular water bridge is expressed as:

F1 ¼ πγR exp a
D1

R
þ b

! "
þ c

# $
ð6Þ

where a ¼ −1:1ðV1
R3Þ

−0:53
, b ¼ ð−0:148 lnðV1

R3Þ−0:96Þθ2−0:0082 ln

ðV1
R3Þ þ 0:48, c ¼ 0:0018 lnðV1

R3Þ þ 0:078 and D1 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
R2 þ ð

ffiffiffi
3

p
Rþ DÞ2

q
−2

R in whichV1 ¼ V
3 is the liquid volume in one pendular bridge, R is the

particle radius, θ is the contact angle and D1 is the inter-particle dis-
tance between two particles. By projecting the forces, the vertical
force on the bottom sphere is:

F ¼
2

ffiffiffi
3

p
Rþ D

& '
F1

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
R2 þ

ffiffiffi
3

p
Rþ D

& '2
r ð7Þ

where D is the vertical displacement of the top spheres.

Fig. 6. Effects of contact angle hysteresis and pinning. (a) Conceptual sketch of the real measurement. (b) Water bridge images at different displacements.
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98 CHAPITRE 4. CONDITIONS D’IMPRÉGNATION D’UNE POUDRE

où g est l’accélération de pesanteur, ⇢ la densité du liquide, R le rayon du tube et h la
hauteur de la colonne. Nous avons supposé ici que R ⌧ h, et en conséquent négligé le
volume du ménisque devant celui de la colonne. En minimisant cette énergie et en utilisant
également la relation de Young (4.1), on obtient la hauteur du ménisque hcyl par rapport
au niveau du bain, appelée également "hauteur de Jurin" :

hcyl =
2� cos ✓

R⇢g
. (4.3)

On retrouve bien que la montée capillaire dans le tube n’a lieu (hcyl > 0) que si l’angle
de contact est inférieur à 90�. Dans le cas contraire, on observe une descente capillaire,
le niveau dans le tube étant alors inférieur à celui du bain environnant. Pour ✓ < 90�, la
hauteur maximale atteinte par le liquide augmente lorsque l’angle de contact ✓ diminue,
comme observé expérimentalement (voir figure 4.2). Lucas [Luc18] et Washburn [Was21]
ont étudié la dynamique de l’imprégnation dans les tubes. La force due aux énergies de
surface (de l’ordre de R� cos ✓) est équilibrée par la dissipation visqueuse, dans le cas
où l’inertie et la gravité peuvent être négligées (c’est-à-dire pour de petits rayons et une
hauteur faible devant hcyl). La dissipation visqueuse se fait sur le diamètre du tube, d’où une
contrainte visqueuse de l’ordre de ⌘V/R, à appliquer sur une surface d’ordre Rh. Comme
V = ḣ, l’équilibre des forces s’écrit R� cos ✓ ⇠ ⌘ḣh, et on en déduit par intégration la loi
pour h(t), aussi appelée loi de Lucas-Washburn :

h
2(t) ⇠ R� cos ✓

⌘
t, (4.4)

D’autres régimes où l’inertie, la gravité, ou le transport de surfactants dominent ont éga-
lement été étudiés, entre autres par Zhmud et al. [ZTH00], et des corrections à la loi
précédente sont alors nécessaires.

Des poreux plus sophistiqués

De manière analogue à l’équation (4.3), on peut calculer la hauteur statique dans un
autre modèle élémentaire de poreux : une cellule de Hele-Shaw. Lorsque l’espacement 2R
entre ces deux plaques parallèles est faible devant la longueur capillaire, la hauteur hHS de
montée vaut, en négligeant les effets de bord :

hHS =
� cos ✓

R⇢g
. (4.5)

Bien que la géométrie soit alors très différente de celle du tube, la hauteur obtenue hHS

ne diffère de hcyl que par un facteur numérique. En particulier, l’angle critique, c’est-à-dire
l’angle de contact maximal pour lequel une montée capillaire est observée, reste ✓

?

cyl
= 90�,

et il est donc tentant de penser que ce résultat est général.
Toutefois, si on s’intéresse à des milieux poreux plus complexes, force est de constater

que ce n’est pas le cas. Pour des tubes capillaires de section carrée [BQ02], la montée n’a
lieu que si ✓ < 45�. Plus généralement, dans une géométrie en coin d’angle d’ouverture 2↵,
Concus et Finn [CF69] ont montré que l’angle de contact pour permettre la montée dépend
de ↵ puisque la montée n’a lieu que si ✓ < ✓

?

coin
= 90��↵, ce qui signifie que l’imprégnation

n’a pas lieu pour toute une gamme d’angles de contact pourtant bien inférieurs à 90�. Il
faut aussi mentionner un cas proche de l’objet de ce chapitre : des canaux dont la section
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FIG. 1. (a) Schematic of the experimental set-up. Inset: Schematic of the meniscus for increasing �h. (b) Time evolution of
the length of the aggregate for di↵erent hydrostatic depression, expressed as a function of �h. (c) Cross-section through a 3D
tomogram of a wet aggregate. The liquid is colored in yellow whereas the glass beads are red and the air is in black.

the aggregate is recorded at 0.5 Hz with a CCD camera
and analyzed by image processing.

We investigate the role of the hydrostatic depression
by performing systematic experiments at di↵erent water
heights in the tank, �h. The growth dynamics is re-
ported in Fig. 1(b), where we plot the length of the ag-
gregate ` as a function of time for a constant Qg and vg.
The growth rate decreases when �h increases, indicat-
ing that the accretion process is less e�cient for a large
hydrostatic depression. Moreover, the dynamics drasti-
cally evolves with �h and exhibits a smooth transition
from a di↵usive regime at low �h, where ` is propor-
tional to t1/2, and a linear regime at large �h, where
` is proportional to t [Fig. 1(b)]. To understand how
the liquid is distributed in the aggregate during the ac-
cretion process, we image the microstructure with X-ray
tomography [10, 21]. The 3D reconstruction shows that
the aggregate is fully saturated without any air bubble
for any value of �h [Fig. 1(c)]. The aggregate is in a
capillary state and the cohesion of the structure results
from the capillary depression at the air/liquid interface
[8]. Therefore, during an experiment, the curvatures of
the menisci are in equilibrium with the local pressure
along the wet aggregate.

To understand the existence of these two di↵erent
regimes, we propose a local growth mechanism by granu-
lar accretion. The aggregate growth is directly related to
the fraction of dry grains captured at the liquid interface
of the wet material. As dry grains are added, the liquid
has to penetrate into the granular packing to reach its
equilibrium position and to be accessible to the impact-
ing granular jet. At low hydrostatic depression (small
�h) [inset of Fig. 1(a)], the air/liquid interface is slightly
curved and easily available to capture a large fraction of
impacting grains. In this case, the growth dynamics is
limited by the viscous displacement of the fluid into the
granular packing. This viscous regime is modeled by the
Darcy’s law connecting the flow velocity to the driving

pressure corresponding here to the capillary pressure in
the pores. The Lucas-Washburn equation describes the
imbibition in all the granular structure of total length
Lv, which is the sum of the aggregate length `v and the
substrate length hg [22]:

Lv(t) = `v(t) + hg =

s
2k�p

⌘
(t+ t0), (2)

where k is the permeability of the packing, ⌘ is the dy-
namic viscosity of the fluid, t0 is the time for the liquid
to penetrate into the substrate and �p = pc � ⇢g�h
the capillary pressure reduced by the hydrostatic depres-
sion. The pressure pc is associated to the pore radius rp
and defined as 2� cos ✓/rp. In the following, rp is taken
equal to the grain radius dg/2 [13]. Note that t0 is equal
to hg

2⌘/2k�phg , where �phg = pc � ⇢g(�h � hg). In
the range of height �h investigated, t0 varies between
0.7 s and 3 s and will be neglected in the following as it
remains small compared to the time scale of our experi-
ments. In this regime, the aggregate length scales as t1/2

in agreement with the experimental results.
A second regime is explored at large �h correspond-

ing to large hydrostatic depressions. In this situation the
menisci are strongly deformed and the liquid is less ac-
cessible to the impacting grains. The growth dynamics
of the aggregate is then limited by the e�ciency of the
capture process. Consequently, the growth rate can be
defined using the fraction of grains captured over the
amount of grains impacting the aggregate. Introduc-
ing the capture probability Pcapt and assuming that this
probability is constant during an experiment, where �h
remains constant, the growth dynamics in the capture
regime is:

`c(t) =
Qg

⇢s�S
Pcapt t, (3)

where ⇢s = 2.5 g/cm3 is the grain density, �= 0.63± 0.01
is the compacity of the aggregate and S its cross-section.
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FIG. 1. (a) Schematic of the experimental set-up. Inset: Schematic of the meniscus for increasing �h. (b) Time evolution of
the length of the aggregate for di↵erent hydrostatic depression, expressed as a function of �h. (c) Cross-section through a 3D
tomogram of a wet aggregate. The liquid is colored in yellow whereas the glass beads are red and the air is in black.

the aggregate is recorded at 0.5 Hz with a CCD camera
and analyzed by image processing.

We investigate the role of the hydrostatic depression
by performing systematic experiments at di↵erent water
heights in the tank, �h. The growth dynamics is re-
ported in Fig. 1(b), where we plot the length of the ag-
gregate ` as a function of time for a constant Qg and vg.
The growth rate decreases when �h increases, indicat-
ing that the accretion process is less e�cient for a large
hydrostatic depression. Moreover, the dynamics drasti-
cally evolves with �h and exhibits a smooth transition
from a di↵usive regime at low �h, where ` is propor-
tional to t1/2, and a linear regime at large �h, where
` is proportional to t [Fig. 1(b)]. To understand how
the liquid is distributed in the aggregate during the ac-
cretion process, we image the microstructure with X-ray
tomography [10, 21]. The 3D reconstruction shows that
the aggregate is fully saturated without any air bubble
for any value of �h [Fig. 1(c)]. The aggregate is in a
capillary state and the cohesion of the structure results
from the capillary depression at the air/liquid interface
[8]. Therefore, during an experiment, the curvatures of
the menisci are in equilibrium with the local pressure
along the wet aggregate.

To understand the existence of these two di↵erent
regimes, we propose a local growth mechanism by granu-
lar accretion. The aggregate growth is directly related to
the fraction of dry grains captured at the liquid interface
of the wet material. As dry grains are added, the liquid
has to penetrate into the granular packing to reach its
equilibrium position and to be accessible to the impact-
ing granular jet. At low hydrostatic depression (small
�h) [inset of Fig. 1(a)], the air/liquid interface is slightly
curved and easily available to capture a large fraction of
impacting grains. In this case, the growth dynamics is
limited by the viscous displacement of the fluid into the
granular packing. This viscous regime is modeled by the
Darcy’s law connecting the flow velocity to the driving

pressure corresponding here to the capillary pressure in
the pores. The Lucas-Washburn equation describes the
imbibition in all the granular structure of total length
Lv, which is the sum of the aggregate length `v and the
substrate length hg [22]:

Lv(t) = `v(t) + hg =

s
2k�p

⌘
(t+ t0), (2)

where k is the permeability of the packing, ⌘ is the dy-
namic viscosity of the fluid, t0 is the time for the liquid
to penetrate into the substrate and �p = pc � ⇢g�h
the capillary pressure reduced by the hydrostatic depres-
sion. The pressure pc is associated to the pore radius rp
and defined as 2� cos ✓/rp. In the following, rp is taken
equal to the grain radius dg/2 [13]. Note that t0 is equal
to hg

2⌘/2k�phg , where �phg = pc � ⇢g(�h � hg). In
the range of height �h investigated, t0 varies between
0.7 s and 3 s and will be neglected in the following as it
remains small compared to the time scale of our experi-
ments. In this regime, the aggregate length scales as t1/2

in agreement with the experimental results.
A second regime is explored at large �h correspond-

ing to large hydrostatic depressions. In this situation the
menisci are strongly deformed and the liquid is less ac-
cessible to the impacting grains. The growth dynamics
of the aggregate is then limited by the e�ciency of the
capture process. Consequently, the growth rate can be
defined using the fraction of grains captured over the
amount of grains impacting the aggregate. Introduc-
ing the capture probability Pcapt and assuming that this
probability is constant during an experiment, where �h
remains constant, the growth dynamics in the capture
regime is:

`c(t) =
Qg

⇢s�S
Pcapt t, (3)

where ⇢s = 2.5 g/cm3 is the grain density, �= 0.63± 0.01
is the compacity of the aggregate and S its cross-section.
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FIG. 1. (a) Schematic of the experimental set-up. Inset: Schematic of the meniscus for increasing �h. (b) Time evolution of
the length of the aggregate for di↵erent hydrostatic depression, expressed as a function of �h. (c) Cross-section through a 3D
tomogram of a wet aggregate. The liquid is colored in yellow whereas the glass beads are red and the air is in black.

the aggregate is recorded at 0.5 Hz with a CCD camera
and analyzed by image processing.

We investigate the role of the hydrostatic depression
by performing systematic experiments at di↵erent water
heights in the tank, �h. The growth dynamics is re-
ported in Fig. 1(b), where we plot the length of the ag-
gregate ` as a function of time for a constant Qg and vg.
The growth rate decreases when �h increases, indicat-
ing that the accretion process is less e�cient for a large
hydrostatic depression. Moreover, the dynamics drasti-
cally evolves with �h and exhibits a smooth transition
from a di↵usive regime at low �h, where ` is propor-
tional to t1/2, and a linear regime at large �h, where
` is proportional to t [Fig. 1(b)]. To understand how
the liquid is distributed in the aggregate during the ac-
cretion process, we image the microstructure with X-ray
tomography [10, 21]. The 3D reconstruction shows that
the aggregate is fully saturated without any air bubble
for any value of �h [Fig. 1(c)]. The aggregate is in a
capillary state and the cohesion of the structure results
from the capillary depression at the air/liquid interface
[8]. Therefore, during an experiment, the curvatures of
the menisci are in equilibrium with the local pressure
along the wet aggregate.

To understand the existence of these two di↵erent
regimes, we propose a local growth mechanism by granu-
lar accretion. The aggregate growth is directly related to
the fraction of dry grains captured at the liquid interface
of the wet material. As dry grains are added, the liquid
has to penetrate into the granular packing to reach its
equilibrium position and to be accessible to the impact-
ing granular jet. At low hydrostatic depression (small
�h) [inset of Fig. 1(a)], the air/liquid interface is slightly
curved and easily available to capture a large fraction of
impacting grains. In this case, the growth dynamics is
limited by the viscous displacement of the fluid into the
granular packing. This viscous regime is modeled by the
Darcy’s law connecting the flow velocity to the driving

pressure corresponding here to the capillary pressure in
the pores. The Lucas-Washburn equation describes the
imbibition in all the granular structure of total length
Lv, which is the sum of the aggregate length `v and the
substrate length hg [22]:

Lv(t) = `v(t) + hg =

s
2k�p

⌘
(t+ t0), (2)

where k is the permeability of the packing, ⌘ is the dy-
namic viscosity of the fluid, t0 is the time for the liquid
to penetrate into the substrate and �p = pc � ⇢g�h
the capillary pressure reduced by the hydrostatic depres-
sion. The pressure pc is associated to the pore radius rp
and defined as 2� cos ✓/rp. In the following, rp is taken
equal to the grain radius dg/2 [13]. Note that t0 is equal
to hg

2⌘/2k�phg , where �phg = pc � ⇢g(�h � hg). In
the range of height �h investigated, t0 varies between
0.7 s and 3 s and will be neglected in the following as it
remains small compared to the time scale of our experi-
ments. In this regime, the aggregate length scales as t1/2

in agreement with the experimental results.
A second regime is explored at large �h correspond-

ing to large hydrostatic depressions. In this situation the
menisci are strongly deformed and the liquid is less ac-
cessible to the impacting grains. The growth dynamics
of the aggregate is then limited by the e�ciency of the
capture process. Consequently, the growth rate can be
defined using the fraction of grains captured over the
amount of grains impacting the aggregate. Introduc-
ing the capture probability Pcapt and assuming that this
probability is constant during an experiment, where �h
remains constant, the growth dynamics in the capture
regime is:

`c(t) =
Qg

⇢s�S
Pcapt t, (3)

where ⇢s = 2.5 g/cm3 is the grain density, �= 0.63± 0.01
is the compacity of the aggregate and S its cross-section.
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FIG. 1. (a) Schematic of the experimental set-up. Inset: Schematic of the meniscus for increasing �h. (b) Time evolution of
the length of the aggregate for di↵erent hydrostatic depression, expressed as a function of �h. (c) Cross-section through a 3D
tomogram of a wet aggregate. The liquid is colored in yellow whereas the glass beads are red and the air is in black.

the aggregate is recorded at 0.5 Hz with a CCD camera
and analyzed by image processing.

We investigate the role of the hydrostatic depression
by performing systematic experiments at di↵erent water
heights in the tank, �h. The growth dynamics is re-
ported in Fig. 1(b), where we plot the length of the ag-
gregate ` as a function of time for a constant Qg and vg.
The growth rate decreases when �h increases, indicat-
ing that the accretion process is less e�cient for a large
hydrostatic depression. Moreover, the dynamics drasti-
cally evolves with �h and exhibits a smooth transition
from a di↵usive regime at low �h, where ` is propor-
tional to t1/2, and a linear regime at large �h where `
is proportional to t [Fig. 1(b)]. To understand how the
liquid is distributed in the aggregate during the accretion
process, we image the microstructure with X-ray tomog-
raphy [10, 21]. The 3D reconstruction shows that the
aggregate is fully saturated without any air bubble for
any value of �h [Fig. 1(c)]. The aggregate is in a capil-
lary state and the cohesion of the structure results from
the capillary depression at the air/liquid interface [8].
Therefore, during an experiment, the curvatures of the
menisci are in equilibrium with the local pressure along
the wet aggregate.

To understand the existence of these two di↵erent
regimes, we propose a local growth mechanism by granu-
lar accretion. The aggregate growth is directly related to
the fraction of dry grains captured at the liquid interface
of the wet material. As dry grains are added, the liquid
has to penetrate into the granular packing to reach its
equilibrium position and to be accessible to the impact-
ing granular jet. At low hydrostatic depression (small
�h) [inset of Fig. 1(a)], the air/liquid interface is slightly
curved and easily available to capture a large fraction of
impacting grains. In this case, the growth dynamics is
limited by the viscous displacement of the fluid into the
granular packing. This viscous regime is modeled by the
Darcy’s law connecting the flow velocity to the driving

pressure corresponding here to the capillary pressure in
the pores. The Lucas-Washburn equation describes the
imbibition in all the granular structure of total length
Lv, which is the sum of the aggregate length `v and the
substrate length hg [22]:

Lv(t) = `v(t) + hg =

s
2k�p

⌘
(t+ t0), (2)

where k is the permeability of the packing, ⌘ is the dy-
namic viscosity of the fluid, t0 is the time for the liquid
to penetrate into the substrate and �p = pc � ⇢g�h
the capillary pressure reduced by the hydrostatic depres-
sion. The pressure pc is associated to the pore radius rp
and defined as 2� cos ✓/rp. In the following, rp is taken
equal to the grain radius dg/2 [13]. Note that t0 is equal
to hg

2⌘/2k�phg , where �phg = pc � ⇢g(�h � hg). In
the range of height �h investigated, t0 varies between
0.7 and 3 s and will be neglected in the following as it
remains small compared to the time scale of our experi-
ments. In this regime, the aggregate length scales as t1/2

in agreement with the experimental results.
A second regime is explored at large �h correspond-

ing to large hydrostatic depressions. In this situation
the menisci are strongly deformed and the liquid is less
accessible to the impacting grains. The growth dynam-
ics of the aggregate is then limited by the e�ciency of
the capture process, which scales with the fraction of
liquid at the surface of the saturated aggregate. Conse-
quently, the growth rate can be defined using the fraction
of grains captured over the amount of grains impacting
the aggregate. Introducing the capture probability Pcapt

and assuming that this probability is constant during an
experiment (�h constant), the growth dynamics in the
capture regime is:

`c(t) =
Qg

⇢s�S
Pcapt t, (3)
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FIG. 2. (a) Initial growth rate of the aggregate v(t = 0) as a function of the height �h. The fit gives h? = 20 mm (X? = 0.26).
Inset: Temporal evolution of the aggregate length. (b) Evolution of the liquid fraction �liq at the liquid/air interface in a wet
granular packing as the function of the ratio X = 2dg/R. Data are fitted by �liq = �0+(1��0) exp(�X/Xs

?) with Xs
? = 1.04.

Inset: Evolution of the dimensionless volume associated to a conical site of capture - Xv
? = 0.34. (c) Experimental evolution of

the apparent liquid surface as function of height �h. Images are obtained by binocular microscopy with an opaque dyed liquid
and zirconium beads of 500 µm diameter. The red line is an exponential expression with hs,exp

? = 28.3 mm corresponding to
Xs,exp

? = 1.87. Experimental parameters: � = 44 mN/m (± 2 mN/m), ✓ = 65� (± 5�)]

.

where � = 0.63 ± 0.01 and S are the compacity and
the cross section of the aggregate, respectively, ⇢s = 2.5
g/cm3 is the grain density.

The transition from the viscous regime to the capture
regime occurs when the typical growth rates associated to
those two limiting mechanisms are comparable. Equating
the growth rates leads to a typical time scale tc and a
typical length scale `c characterizing the growth process.
These parameters depend on the capture probability and
are defined as:

tc =
k

2⌘

✓
⇢g�S

PcaptQg

◆2

�p, `c =
k

2⌘

⇢g�S

PcaptQg
�p. (4)

Moreover, our experiments show that the capture proba-
bility Pcapt decreases with the height �h, thus with the
hydrostatic depression. To estimate this variation, we
compute the initial growth velocity v(t = 0) for each ex-
periment. At the beginning of the growth, the accretion
process is not restricted by the rate of imbibition through
the short porous aggregate, but only by the capture rate
of the first grains. As shown in Fig. 2(a), the initial
growth rate depends exponentially on the altitude �h
and the variation of the capture probability reads:

v(�h, t = 0) = v0 exp

✓
��h

h?

◆
=

Qg

⇢s�S
Pcapt(�h), (5)

thus,

Pcapt(�h) = P0 exp

✓
��h

h?

◆
, (6)

where h? = 20 mm is the length characterizing the veloc-
ity decrease and P0 = (⇢s�Sv0)/Qg is the capture prob-
ability at the water level with v0 = 1.86 mm/s. A similar
expression was found empirically for the rising velocity of

a vertical granular tower [19]. We defined the dimension-
less curvature X = dg/2R which is related to the height
�h by Eq. (1) such that X = (dg⇢g/� cos ✓)�h, which
gives the dimensionless length associated to the velocity
decrease X? = (dg⇢g/� cos ✓)h? = 0.26.

To explain the expression of the probability, we pro-
pose a geometrical model that relies on the liquid dis-
tribution at the air/liquid interface with the probability
to capture a grain. As the aggregate is fully saturated,
the hydrostatic depression, associated with �h, retracts
the liquid menisci. Thus the interfacial liquid area and
volume decrease. We approximate the air/liquid inter-
face by a plane located at the bottom of the menisci and
intersecting a dense layer of grains (see the schematics
of Fig. 2(b) and [21] for details of the calculation). Un-
der these assumptions, we calculate the liquid area as a
function of X [Fig 2(b)]. In addition, we report the liq-
uid volume calculated with the cone inscribed between
the spheres [inset of Fig 2(b)] [21]. Both the evolution
of the area and the volume are fitted by an exponen-
tial function in agreement with the expression proposed
for the capture probability. They are characterized by
the typical dimensionless lengths Xs

? = 1.04 and Xv
?

= 0.34, respectively. The value of Xv
?, compared to

X?, suggest that the capture probability depends on the
volume of liquid available between the interfacial grains.
Furthermore, the evolution of the liquid distribution is
obtained by direct imaging of the liquid at the interface
of a wet granular material for varying �h [see Fig. 2(c)
and [21] for experimental details]. An exponential de-
crease is observed with Xs,exp

? = 1.87, consistent with
the computed value. Using the values of v0 and h? de-
termined experimentally, we compute the length `c and
the time tc and introduce the rescaled parameters ⇣ =
`/`c and ⌧ = t/tc. The rescaled data are plotted in Fig.
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FIG. 2. (a) Initial growth rate of the aggregate v(t = 0) as a function of the height �h. The fit gives h? = 20 mm (X? = 0.26).
Inset: Temporal evolution of the aggregate length. (b) Evolution of the liquid fraction �liq at the liquid/air interface in a wet
granular packing as the function of the ratio X = 2dg/R. Data are fitted by �liq = �0+(1��0) exp(�X/Xs

?) with Xs
? = 1.04.

Inset: Evolution of the dimensionless volume associated to a conical site of capture - Xv
? = 0.34. (c) Experimental evolution of

the apparent liquid surface as function of height �h. Images are obtained by binocular microscopy with an opaque dyed liquid
and zirconium beads of 500 µm diameter. The red line is an exponential expression with hs,exp

? = 28.3 mm corresponding to
Xs,exp

? = 1.87. Experimental parameters: � = 44 mN/m (± 2 mN/m), ✓ = 65� (± 5�)]
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where � = 0.63 ± 0.01 and S are the compacity and
the cross section of the aggregate, respectively, ⇢s = 2.5
g/cm3 is the grain density.

The transition from the viscous regime to the capture
regime occurs when the typical growth rates associated to
those two limiting mechanisms are comparable. Equating
the growth rates leads to a typical time scale tc and a
typical length scale `c characterizing the growth process.
These parameters depend on the capture probability and
are defined as:

tc =
k
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✓
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PcaptQg

◆2

�p, `c =
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Moreover, our experiments show that the capture proba-
bility Pcapt decreases with the height �h, thus with the
hydrostatic depression. To estimate this variation, we
compute the initial growth velocity v(t = 0) for each ex-
periment. At the beginning of the growth, the accretion
process is not restricted by the rate of imbibition through
the short porous aggregate, but only by the capture rate
of the first grains. As shown in Fig. 2(a), the initial
growth rate depends exponentially on the altitude �h
and the variation of the capture probability reads:

v(�h, t = 0) = v0 exp
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Pcapt(�h), (5)

thus,

Pcapt(�h) = P0 exp
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where h? = 20 mm is the length characterizing the veloc-
ity decrease and P0 = (⇢s�Sv0)/Qg is the capture prob-
ability at the water level with v0 = 1.86 mm/s. A similar
expression was found empirically for the rising velocity of

a vertical granular tower [19]. We defined the dimension-
less curvature X = dg/2R which is related to the height
�h by Eq. (1) such that X = (dg⇢g/� cos ✓)�h, which
gives the dimensionless length associated to the velocity
decrease X? = (dg⇢g/� cos ✓)h? = 0.26.

To explain the expression of the probability, we pro-
pose a geometrical model that relies on the liquid dis-
tribution at the air/liquid interface with the probability
to capture a grain. As the aggregate is fully saturated,
the hydrostatic depression, associated with �h, retracts
the liquid menisci. Thus the interfacial liquid area and
volume decrease. We approximate the air/liquid inter-
face by a plane located at the bottom of the menisci and
intersecting a dense layer of grains (see the schematics
of Fig. 2(b) and [21] for details of the calculation). Un-
der these assumptions, we calculate the liquid area as a
function of X [Fig 2(b)]. In addition, we report the liq-
uid volume calculated with the cone inscribed between
the spheres [inset of Fig 2(b)] [21]. Both the evolution
of the area and the volume are fitted by an exponen-
tial function in agreement with the expression proposed
for the capture probability. They are characterized by
the typical dimensionless lengths Xs

? = 1.04 and Xv
?

= 0.34, respectively. The value of Xv
?, compared to

X?, suggest that the capture probability depends on the
volume of liquid available between the interfacial grains.
Furthermore, the evolution of the liquid distribution is
obtained by direct imaging of the liquid at the interface
of a wet granular material for varying �h [see Fig. 2(c)
and [21] for experimental details]. An exponential de-
crease is observed with Xs,exp

? = 1.87, consistent with
the computed value. Using the values of v0 and h? de-
termined experimentally, we compute the length `c and
the time tc and introduce the rescaled parameters ⇣ =
`/`c and ⌧ = t/tc. The rescaled data are plotted in Fig.
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FIG. 2. (a) Initial growth rate of the aggregate v(t = 0) as a function of the height �h. The fit gives h? = 20 mm (X? = 0.26).
Inset: Temporal evolution of the aggregate length. (b) Evolution of the liquid fraction �liq at the liquid/air interface in a wet
granular packing as the function of the ratio X = 2dg/R. Data are fitted by �liq = �0+(1��0) exp(�X/Xs

?) with Xs
? = 1.04.

Inset: Evolution of the dimensionless volume associated to a conical site of capture - Xv
? = 0.34. (c) Experimental evolution of

the apparent liquid surface as function of height �h. Images are obtained by binocular microscopy with an opaque dyed liquid
and zirconium beads of 500 µm diameter. The red line is an exponential expression with hs,exp

? = 28.3 mm corresponding to
Xs,exp

? = 1.87. Experimental parameters: � = 44 mN/m (± 2 mN/m), ✓ = 65� (± 5�)]
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where � = 0.63 ± 0.01 and S are the compacity and
the cross section of the aggregate, respectively, ⇢s = 2.5
g/cm3 is the grain density.

The transition from the viscous regime to the capture
regime occurs when the typical growth rates associated to
those two limiting mechanisms are comparable. Equating
the growth rates leads to a typical time scale tc and a
typical length scale `c characterizing the growth process.
These parameters depend on the capture probability and
are defined as:

tc =
k
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PcaptQg

◆2

�p, `c =
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PcaptQg
�p. (4)

Moreover, our experiments show that the capture proba-
bility Pcapt decreases with the height �h, thus with the
hydrostatic depression. To estimate this variation, we
compute the initial growth velocity v(t = 0) for each ex-
periment. At the beginning of the growth, the accretion
process is not restricted by the rate of imbibition through
the short porous aggregate, but only by the capture rate
of the first grains. As shown in Fig. 2(a), the initial
growth rate depends exponentially on the altitude �h
and the variation of the capture probability reads:

v(�h, t = 0) = v0 exp
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��h

h?

◆
=

Qg

⇢s�S
Pcapt(�h), (5)

thus,

Pcapt(�h) = P0 exp
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��h

h?
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, (6)

where h? = 20 mm is the length characterizing the veloc-
ity decrease and P0 = (⇢s�Sv0)/Qg is the capture prob-
ability at the water level with v0 = 1.86 mm/s. A similar
expression was found empirically for the rising velocity of

a vertical granular tower [19]. We defined the dimension-
less curvature X = dg/2R which is related to the height
�h by Eq. (1) such that X = (dg⇢g/� cos ✓)�h, which
gives the dimensionless length associated to the velocity
decrease X? = (dg⇢g/� cos ✓)h? = 0.26.

To explain the expression of the probability, we pro-
pose a geometrical model that relies on the liquid dis-
tribution at the air/liquid interface with the probability
to capture a grain. As the aggregate is fully saturated,
the hydrostatic depression, associated with �h, retracts
the liquid menisci. Thus the interfacial liquid area and
volume decrease. We approximate the air/liquid inter-
face by a plane located at the bottom of the menisci and
intersecting a dense layer of grains (see the schematics
of Fig. 2(b) and [21] for details of the calculation). Un-
der these assumptions, we calculate the liquid area as a
function of X [Fig 2(b)]. In addition, we report the liq-
uid volume calculated with the cone inscribed between
the spheres [inset of Fig 2(b)] [21]. Both the evolution
of the area and the volume are fitted by an exponen-
tial function in agreement with the expression proposed
for the capture probability. They are characterized by
the typical dimensionless lengths Xs

? = 1.04 and Xv
?

= 0.34, respectively. The value of Xv
?, compared to

X?, suggest that the capture probability depends on the
volume of liquid available between the interfacial grains.
Furthermore, the evolution of the liquid distribution is
obtained by direct imaging of the liquid at the interface
of a wet granular material for varying �h [see Fig. 2(c)
and [21] for experimental details]. An exponential de-
crease is observed with Xs,exp

? = 1.87, consistent with
the computed value. Using the values of v0 and h? de-
termined experimentally, we compute the length `c and
the time tc and introduce the rescaled parameters ⇣ =
`/`c and ⌧ = t/tc. The rescaled data are plotted in Fig.
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FIG. 1. (a) Schematic of the experimental set-up. Inset: Schematic of the meniscus for increasing �h. (b) Time evolution of
the length of the aggregate for di↵erent hydrostatic depression, expressed as a function of �h. (c) Cross-section through a 3D
tomogram of a wet aggregate. The liquid is colored in yellow whereas the glass beads are red and the air is in black.

the aggregate is recorded at 0.5 Hz with a CCD camera
and analyzed by image processing.

We investigate the role of the hydrostatic depression
by performing systematic experiments at di↵erent water
heights in the tank, �h. The growth dynamics is re-
ported in Fig. 1(b), where we plot the length of the ag-
gregate ` as a function of time for a constant Qg and vg.
The growth rate decreases when �h increases, indicat-
ing that the accretion process is less e�cient for a large
hydrostatic depression. Moreover, the dynamics drasti-
cally evolves with �h and exhibits a smooth transition
from a di↵usive regime at low �h, where ` is propor-
tional to t1/2, and a linear regime at large �h where `
is proportional to t [Fig. 1(b)]. To understand how the
liquid is distributed in the aggregate during the accretion
process, we image the microstructure with X-ray tomog-
raphy [10, 21]. The 3D reconstruction shows that the
aggregate is fully saturated without any air bubble for
any value of �h [Fig. 1(c)]. The aggregate is in a capil-
lary state and the cohesion of the structure results from
the capillary depression at the air/liquid interface [8].
Therefore, during an experiment, the curvatures of the
menisci are in equilibrium with the local pressure along
the wet aggregate.

To understand the existence of these two di↵erent
regimes, we propose a local growth mechanism by granu-
lar accretion. The aggregate growth is directly related to
the fraction of dry grains captured at the liquid interface
of the wet material. As dry grains are added, the liquid
has to penetrate into the granular packing to reach its
equilibrium position and to be accessible to the impact-
ing granular jet. At low hydrostatic depression (small
�h) [inset of Fig. 1(a)], the air/liquid interface is slightly
curved and easily available to capture a large fraction of
impacting grains. In this case, the growth dynamics is
limited by the viscous displacement of the fluid into the
granular packing. This viscous regime is modeled by the
Darcy’s law connecting the flow velocity to the driving

pressure corresponding here to the capillary pressure in
the pores. The Lucas-Washburn equation describes the
imbibition in all the granular structure of total length
Lv, which is the sum of the aggregate length `v and the
substrate length hg [22]:

Lv(t) = `v(t) + hg =

s
2k�p

⌘
(t+ t0), (2)

where k is the permeability of the packing, ⌘ is the dy-
namic viscosity of the fluid, t0 is the time for the liquid
to penetrate into the substrate and �p = pc � ⇢g�h
the capillary pressure reduced by the hydrostatic depres-
sion. The pressure pc is associated to the pore radius rp
and defined as 2� cos ✓/rp. In the following, rp is taken
equal to the grain radius dg/2 [13]. Note that t0 is equal
to hg

2⌘/2k�phg , where �phg = pc � ⇢g(�h � hg). In
the range of height �h investigated, t0 varies between
0.7 and 3 s and will be neglected in the following as it
remains small compared to the time scale of our experi-
ments. In this regime, the aggregate length scales as t1/2

in agreement with the experimental results.
A second regime is explored at large �h correspond-

ing to large hydrostatic depressions. In this situation
the menisci are strongly deformed and the liquid is less
accessible to the impacting grains. The growth dynam-
ics of the aggregate is then limited by the e�ciency of
the capture process, which scales with the fraction of
liquid at the surface of the saturated aggregate. Conse-
quently, the growth rate can be defined using the fraction
of grains captured over the amount of grains impacting
the aggregate. Introducing the capture probability Pcapt

and assuming that this probability is constant during an
experiment (�h constant), the growth dynamics in the
capture regime is:

`c(t) =
Qg

⇢s�S
Pcapt t, (3)
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FIG. 2. (a) Initial growth rate of the aggregate v(t = 0) as a function of the height �h. The fit gives h? = 20 mm (X? = 0.26).
Inset: Temporal evolution of the aggregate length. (b) Evolution of the liquid fraction �liq at the liquid/air interface in a wet
granular packing as the function of the ratio X = 2dg/R. Data are fitted by �liq = �0+(1��0) exp(�X/Xs

?) with Xs
? = 1.04.

Inset: Evolution of the dimensionless volume associated to a conical site of capture - Xv
? = 0.34. (c) Experimental evolution of

the apparent liquid surface as function of height �h. Images are obtained by binocular microscopy with an opaque dyed liquid
and zirconium beads of 500 µm diameter. The red line is an exponential expression with hs,exp

? = 28.3 mm corresponding to
Xs,exp

? = 1.87. Experimental parameters: � = 44 mN/m (± 2 mN/m), ✓ = 65� (± 5�)]

.

where � = 0.63 ± 0.01 and S are the compacity and
the cross section of the aggregate, respectively, ⇢s = 2.5
g/cm3 is the grain density.

The transition from the viscous regime to the capture
regime occurs when the typical growth rates associated to
those two limiting mechanisms are comparable. Equating
the growth rates leads to a typical time scale tc and a
typical length scale `c characterizing the growth process.
These parameters depend on the capture probability and
are defined as:

tc =
k

2⌘

✓
⇢g�S

PcaptQg

◆2

�p, `c =
k

2⌘

⇢g�S

PcaptQg
�p. (4)

Moreover, our experiments show that the capture proba-
bility Pcapt decreases with the height �h, thus with the
hydrostatic depression. To estimate this variation, we
compute the initial growth velocity v(t = 0) for each ex-
periment. At the beginning of the growth, the accretion
process is not restricted by the rate of imbibition through
the short porous aggregate, but only by the capture rate
of the first grains. As shown in Fig. 2(a), the initial
growth rate depends exponentially on the altitude �h
and the variation of the capture probability reads:

v(�h, t = 0) = v0 exp

✓
��h

h?

◆
=

Qg

⇢s�S
Pcapt(�h), (5)

thus,

Pcapt(�h) = P0 exp

✓
��h

h?

◆
, (6)

where h? = 20 mm is the length characterizing the veloc-
ity decrease and P0 = (⇢s�Sv0)/Qg is the capture prob-
ability at the water level with v0 = 1.86 mm/s. A similar
expression was found empirically for the rising velocity of

a vertical granular tower [19]. We defined the dimension-
less curvature X = dg/2R which is related to the height
�h by Eq. (1) such that X = (dg⇢g/� cos ✓)�h, which
gives the dimensionless length associated to the velocity
decrease X? = (dg⇢g/� cos ✓)h? = 0.26.

To explain the expression of the probability, we pro-
pose a geometrical model that relies on the liquid dis-
tribution at the air/liquid interface with the probability
to capture a grain. As the aggregate is fully saturated,
the hydrostatic depression, associated with �h, retracts
the liquid menisci. Thus the interfacial liquid area and
volume decrease. We approximate the air/liquid inter-
face by a plane located at the bottom of the menisci and
intersecting a dense layer of grains (see the schematics
of Fig. 2(b) and [21] for details of the calculation). Un-
der these assumptions, we calculate the liquid area as a
function of X [Fig 2(b)]. In addition, we report the liq-
uid volume calculated with the cone inscribed between
the spheres [inset of Fig 2(b)] [21]. Both the evolution
of the area and the volume are fitted by an exponen-
tial function in agreement with the expression proposed
for the capture probability. They are characterized by
the typical dimensionless lengths Xs

? = 1.04 and Xv
?

= 0.34, respectively. The value of Xv
?, compared to

X?, suggest that the capture probability depends on the
volume of liquid available between the interfacial grains.
Furthermore, the evolution of the liquid distribution is
obtained by direct imaging of the liquid at the interface
of a wet granular material for varying �h [see Fig. 2(c)
and [21] for experimental details]. An exponential de-
crease is observed with Xs,exp

? = 1.87, consistent with
the computed value. Using the values of v0 and h? de-
termined experimentally, we compute the length `c and
the time tc and introduce the rescaled parameters ⇣ =
`/`c and ⌧ = t/tc. The rescaled data are plotted in Fig.

3

FIG. 2. (a) Initial growth rate of the aggregate v(t = 0) as a function of the height �h. The fit gives h? = 20 mm (X? = 0.26).
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where � = 0.63 ± 0.01 and S are the compacity and
the cross section of the aggregate, respectively, ⇢s = 2.5
g/cm3 is the grain density.

The transition from the viscous regime to the capture
regime occurs when the typical growth rates associated to
those two limiting mechanisms are comparable. Equating
the growth rates leads to a typical time scale tc and a
typical length scale `c characterizing the growth process.
These parameters depend on the capture probability and
are defined as:
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Moreover, our experiments show that the capture proba-
bility Pcapt decreases with the height �h, thus with the
hydrostatic depression. To estimate this variation, we
compute the initial growth velocity v(t = 0) for each ex-
periment. At the beginning of the growth, the accretion
process is not restricted by the rate of imbibition through
the short porous aggregate, but only by the capture rate
of the first grains. As shown in Fig. 2(a), the initial
growth rate depends exponentially on the altitude �h
and the variation of the capture probability reads:
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where h? = 20 mm is the length characterizing the veloc-
ity decrease and P0 = (⇢s�Sv0)/Qg is the capture prob-
ability at the water level with v0 = 1.86 mm/s. A similar
expression was found empirically for the rising velocity of

a vertical granular tower [19]. We defined the dimension-
less curvature X = dg/2R which is related to the height
�h by Eq. (1) such that X = (dg⇢g/� cos ✓)�h, which
gives the dimensionless length associated to the velocity
decrease X? = (dg⇢g/� cos ✓)h? = 0.26.

To explain the expression of the probability, we pro-
pose a geometrical model that relies on the liquid dis-
tribution at the air/liquid interface with the probability
to capture a grain. As the aggregate is fully saturated,
the hydrostatic depression, associated with �h, retracts
the liquid menisci. Thus the interfacial liquid area and
volume decrease. We approximate the air/liquid inter-
face by a plane located at the bottom of the menisci and
intersecting a dense layer of grains (see the schematics
of Fig. 2(b) and [21] for details of the calculation). Un-
der these assumptions, we calculate the liquid area as a
function of X [Fig 2(b)]. In addition, we report the liq-
uid volume calculated with the cone inscribed between
the spheres [inset of Fig 2(b)] [21]. Both the evolution
of the area and the volume are fitted by an exponen-
tial function in agreement with the expression proposed
for the capture probability. They are characterized by
the typical dimensionless lengths Xs

? = 1.04 and Xv
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= 0.34, respectively. The value of Xv
?, compared to

X?, suggest that the capture probability depends on the
volume of liquid available between the interfacial grains.
Furthermore, the evolution of the liquid distribution is
obtained by direct imaging of the liquid at the interface
of a wet granular material for varying �h [see Fig. 2(c)
and [21] for experimental details]. An exponential de-
crease is observed with Xs,exp

? = 1.87, consistent with
the computed value. Using the values of v0 and h? de-
termined experimentally, we compute the length `c and
the time tc and introduce the rescaled parameters ⇣ =
`/`c and ⌧ = t/tc. The rescaled data are plotted in Fig.
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FIG. 3. Evolution of the rescaled growth velocity d⇣/d⌧ as
a function of the rescaled time ⌧ defined in Eq. 4 for all hy-
drostatic depressions. Inset: Evolution of the rescaled length
of aggregate ⇣ as the function of the rescaled time ⌧ . The
dashed lines correspond to the theoretical predictions given
by Eq. (8).

and the properties of the flow in a porous medium. Our
model based on the menisci retraction as well as our to-
mographic reconstructions show that air bubbles are not
present in the aggregate as assumed by Pacheco et al. to
explain their measurements of an apparent exponential
decrease of the ratio between the mass of liquid and the
mass of grains along a vertical granular tower [19]. Our
results demonstrates that the accretion is an interfacial
phenomenon, which takes place in the capillary regime.
Finally, our model also provides an explanation for the
logarithmic rise dynamics recorded for vertical towers,
which takes place in the capture regime.

To predict the full accretion dynamics and the smooth
transition between the two regimes, we introduce two
characteristic times. Indeed, to increase the length ` of
the aggregate by one grain diameter dg, we can separate
the process into a capture time �⌧capt associated to the
capture process followed by a viscous time �⌧visc corre-
sponding to the fluid motion in the last layer of grains
until the equilibrium position of the meniscus is reached.
These times are estimated using the growth rate associ-
ated to each phenomenon (see Eqs. 2 and 3):

⌧capt =
dg⇢g�S

QgPcapt
, ⌧visc =

⌘

k

`dg
�p

. (7)

Summing these expressions, we obtain the aggregate
growth rate v = dg/�t. The dimensionless equations of
the length as a function of the time during the accretion
are:

d⇣

d⌧
=

1

1 + ⇣/2
, and thus ⇣(⌧) = 2(

p
1 + ⌧ � 1). (8)

These predictions are compared to our experimental mea-
surements in Fig. 3. The smooth transition from the cap-
ture regime to the viscous regime is well captured by our

model, which highlights the coupling between the fluid
dynamics and the grains motion.

We now discuss the trapping mechanisms. The initial
kinetic energy Ei of one impacting grain must be dissi-
pated during the capture. Three main mechanisms have
been identified. First, Crassous et al. have shown that
the restitution coe�cient of a grain bouncing on a dry
granular pile ranges between 0.3 and 0.5 for our inclina-
tion (30� - 60�), which represents an energy loss from 75%
to 90% of Ei [23]. Also, several works studied the capture
of a grain by a flat liquid film [24–27], and showed the
role of the viscous dissipation and the rupture distance of
capillary bridges to predict the sticking condition. Here,
based on a typical rupture distance dg/4, the viscous and
capillary energy dissipations are of the order of 5% and
10% of Ei [21]. Assuming that these three phenomena
are independent, we conclude that the initial kinetic en-
ergy may be completely dissipated. However, the calcu-
lation of the probability P0 from the experimental value
of v0 indicates that only 2.5% of the grains are trapped
at �h = 0, which means that only 2.5% of the aggregate
interface is able to capture a grain. This low e�ciency
can be explained by the crucial role of the position of the
grain impact to fully dissipate the kinetic energy. If the
liquid depth is too small, the grain will bounce o↵.

In conclusion, the flow of a dry granular material on
a wet granular substrate induces an accretion process
characterized by the growth of the saturated phase by
the accretion of grains. We show that this capture is
a local process controlled by the capture probability of
grains, which is related to the liquid availability at the
interface. The horizontal accretion process reveals two
distinct regimes, depending on the mechanism that lim-
its the presence of fluid at the surface of the aggregate,
either the viscous displacement in the porous material
or the hydrostatic depression. We propose a theoretical
model that predicts the correct transition and dynamics.
This study provides a solid grounding to understand the
interaction between flowing granular media and a fluid
flow.

We are grateful to William Woel↵el for his help and
his advice for the tomographic acquisitions.
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results demonstrates that the accretion is an interfacial
phenomenon, which takes place in the capillary regime.
Finally, our model also provides an explanation for the
logarithmic rise dynamics recorded for vertical towers,
which takes place in the capture regime.

To predict the full accretion dynamics and the smooth
transition between the two regimes, we introduce two
characteristic times. Indeed, to increase the length ` of
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FIG. 2. (a) Initial growth rate of the aggregate v(t = 0) as a function of the height �h. The fit gives h? = 20 mm (X? = 0.26).
Inset: Temporal evolution of the aggregate length. (b) Evolution of the liquid fraction �liq at the liquid/air interface in a wet
granular packing as the function of the ratio X = 2dg/R. Data are fitted by �liq = �0+(1��0) exp(�X/Xs

?) with Xs
? = 1.04.

Inset: Evolution of the dimensionless volume associated to a conical site of capture - Xv
? = 0.34. (c) Experimental evolution of

the apparent liquid surface as function of height �h. Images are obtained by binocular microscopy with an opaque dyed liquid
and zirconium beads of 500 µm diameter. The red line is an exponential expression with hs,exp

? = 28.3 mm corresponding to
Xs,exp

? = 1.87. Experimental parameters: � = 44 mN/m (± 2 mN/m), ✓ = 65� (± 5�)]
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where � = 0.63 ± 0.01 and S are the compacity and
the cross section of the aggregate, respectively, ⇢s = 2.5
g/cm3 is the grain density.

The transition from the viscous regime to the capture
regime occurs when the typical growth rates associated to
those two limiting mechanisms are comparable. Equating
the growth rates leads to a typical time scale tc and a
typical length scale `c characterizing the growth process.
These parameters depend on the capture probability and
are defined as:

tc =
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Moreover, our experiments show that the capture proba-
bility Pcapt decreases with the height �h, thus with the
hydrostatic depression. To estimate this variation, we
compute the initial growth velocity v(t = 0) for each ex-
periment. At the beginning of the growth, the accretion
process is not restricted by the rate of imbibition through
the short porous aggregate, but only by the capture rate
of the first grains. As shown in Fig. 2(a), the initial
growth rate depends exponentially on the altitude �h
and the variation of the capture probability reads:

v(�h, t = 0) = v0 exp

✓
��h

h?

◆
=

Qg

⇢s�S
Pcapt(�h), (5)

thus,

Pcapt(�h) = P0 exp

✓
��h

h?

◆
, (6)

where h? = 20 mm is the length characterizing the veloc-
ity decrease and P0 = (⇢s�Sv0)/Qg is the capture prob-
ability at the water level with v0 = 1.86 mm/s. A similar
expression was found empirically for the rising velocity of

a vertical granular tower [19]. We defined the dimension-
less curvature X = dg/2R which is related to the height
�h by Eq. (1) such that X = (dg⇢g/� cos ✓)�h, which
gives the dimensionless length associated to the velocity
decrease X? = (dg⇢g/� cos ✓)h? = 0.26.

To explain the expression of the probability, we pro-
pose a geometrical model that relies on the liquid dis-
tribution at the air/liquid interface with the probability
to capture a grain. As the aggregate is fully saturated,
the hydrostatic depression, associated with �h, retracts
the liquid menisci. Thus the interfacial liquid area and
volume decrease. We approximate the air/liquid inter-
face by a plane located at the bottom of the menisci and
intersecting a dense layer of grains (see the schematics
of Fig. 2(b) and [21] for details of the calculation). Un-
der these assumptions, we calculate the liquid area as a
function of X [Fig 2(b)]. In addition, we report the liq-
uid volume calculated with the cone inscribed between
the spheres [inset of Fig 2(b)] [21]. Both the evolution
of the area and the volume are fitted by an exponen-
tial function in agreement with the expression proposed
for the capture probability. They are characterized by
the typical dimensionless lengths Xs

? = 1.04 and Xv
?

= 0.34, respectively. The value of Xv
?, compared to

X?, suggest that the capture probability depends on the
volume of liquid available between the interfacial grains.
Furthermore, the evolution of the liquid distribution is
obtained by direct imaging of the liquid at the interface
of a wet granular material for varying �h [see Fig. 2(c)
and [21] for experimental details]. An exponential de-
crease is observed with Xs,exp

? = 1.87, consistent with
the computed value. Using the values of v0 and h? de-
termined experimentally, we compute the length `c and
the time tc and introduce the rescaled parameters ⇣ =
`/`c and ⌧ = t/tc. The rescaled data are plotted in Fig.
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Experimental set-up 
Experimental parameters: 
� Glass beads 𝑑 𝑔 = 340 µm, 𝑑 𝑔 = 435 µm, 𝑑 𝑔 = 557 µm 
� ℎ𝑔 = 40 mm  
� 𝛼 = 25° – Δℎ = 15 mm  
� CCD Camera – 𝑓𝑎𝑐𝑞 = 0.2 Hz 

Wet aggregate 

Dry granular pile 

Flowing grains 
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t = 0 min t = 15 min t = 2 h
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𝑟𝑔 𝑅 

Physical interpretation of the capture probability 
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𝒫𝑐𝑎𝑝𝑡 ℎ =  𝒫0exp −
ℎ
ℎ∗   

t = 0 min t = 15 min t = 2 h
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- Accretion: local phenomenon associated to the curvature 
of the meniscus 
- Two regimes :  
viscous: limited by the fluid flow in the porous media  
capture: limited by trapping efficiency



SUMMARY

Many open questions : three-phase systems
- How does the morphology of the grains/liquid mixture 
couple with its rheology ? 
- How does the reorganization of the capillary bridges 
affect the rheology ? 

-  Liquid/Liquid/Particles mixtures?

Koos & Willenbacher, Science (2011) 
Koos, Curr. Opin. Colloid Interface Sci. (2014)

- Accretion: local phenomenon associated to the curvature 
of the meniscus 
- Two regimes :  
viscous: limited by the fluid flow in the porous media  
capture: limited by trapping efficiency
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