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Drag and lift forces when moving in a cohesive granular medium
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Abstract. When a cylinder moves horizontally in a dry granular medium, it experiences both a drag force
and a significant lift force, despite the symmetry of the geometry. The lift force arises due to the unique
frictional nature of granular material rheology. The drag force is proportional to the pressure exerted by the
column of grains above the object, while the lift force is proportional to the pressure gradient controled by
gravity. This study investigates how these forces are affected by the introduction of adhesion between grains
and whether measurements of drag and lift can serve as reliable proxies for determining the cohesion of the
medium. Experiments were conducted using two types of cohesive granular media: wet grains and grains
coated with a sticky polymer. The results indicate that cohesion has a minimal impact on drag, whereas it
significantly reduces the lift force.

1 Introduction

Forces experienced by objects moving inside a dry gran-
ular medium have been extensively studied [1–6]. This
problem is of primary importance in various applications
such as stirring, mining, mixing, impact dynamics, and
locomotion in sand [7–10]. Additionally, it is of funda-
mental interest for probing the rheological properties of
the medium [11]. Classically, the total force acting on an
object in a flow is divided into a drag force, which aligns
with the flow direction, and a lift force, which is perpen-
dicular to it. In a dry granular medium, in the quasi-static
limit, the drag force on a horizontally moving cylinder is
observed to be independent of velocity and proportional to
the hydrostatic pressure times the surface area of the ob-
ject. Conversely, the lift force is related to the pressure
gradient and scales with the Archimedean force.

The question of drag and lift in cohesive materials,
such as wet sand or powders, remains relatively unex-
plored. Measuring the force experienced by an object
moving in powders is a technique for powder character-
ization [12], and it would be of great interest to better
understand the link between these measurements and the
rheological properties of the material. In this study, we in-
vestigate through experiments how the drag and lift forces
experienced by a horizontally moving cylinder in a gran-
ular material are modified when adhesive forces are intro-
duced between the grains. The measurements reveal that
the drag is weakly impacted by cohesion, whereas the lift
is significantly diminished.
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2 Material and methods

To measure the drag and lift forces, we employed a setup
similar to that used by F. Guillard et al. [3, 4]. As shown
in Fig 1a, the setup consists of a cylinder (linked by a thin
rigid rod to the head of a rheometer) rotating inside a gran-
ular medium. The drag and lift forces felt by the cylin-
der can be estimated by measuring the torque and normal
force. The cylinder is positioned at a fixed depth, H, and
rotates at a slow speed of Ω = 2 rpm, in a quasi-static
regime confirmed to be independent of Ω. The cylinder
has a length L = 45mm (150d) and a diameter D = 6mm
(20d). The granular medium is composed of glass beads
with a mean diameter of d = 300µm and a density equals
to 2500 kg/m3.
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Figure 1. (a) Scheme of the experimental set-up consisting in
a cylinder rotating in a bucket filled with grains (b) Picture of a
column of CCGM grains.

Experiments were conducted using two types of co-
hesive granular media: water-wetted grains and polymer-
coated sticky glass beads, referred to as CCGM [13]. In
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both cases, the cohesion can be controlled by adjusting
the proportion of liquid or PDMS added to the granu-
lar assembly. For wet systems in the pendular regime,
cohesion increases with the liquid ratio, W, defined as
W = mwater/mgrains where mwater and mgrains are the masses
of water and grains, respectively [14]. For CCGM grains,
cohesion is directly related to the average thickness of the
coating, b [13] (Fig. 1b).

The drag and lift forces were measured after five rota-
tions to ensure a stationary regime and were averaged over
three rotations and three independent runs. The drag force
in this case is known to be influenced by the previous ro-
tations [3]. However, this method provides a simple and
convenient way to prepare the sample in a reproducible
state, allowing us to effectively assess the influence of co-
hesion.

3 Results and discussion

Initially, we validated our experimental setup and protocol
by studying the drag and lift forces for dry glass beads.
As shown in Figures 2 and 3 (black square symbols),
both forces increase with depth H until reaching a satu-
ration point at larger depths. Our measurements align well
with the results previously obtained by Guillard et al. (red
square symbols) [3, 4].
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Figure 2. Evolution of the drag force, Fdrag with the depth for (a)
wet grains (b) CCGM grains.

The results for cohesive materials are presented for wet
particles (Figs 2a and 3a) and coated particles (Figs.2b and
3b). The first observation is that the drag force (Fig. 2) is
not significantly affected by the introduction of adhesion in
our systems. Almost no noticeable difference is observed
for the wet system, whereas for the polymer-coated parti-
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Figure 3. Evolution of the lift force, Flift with the depth for (a)
wet grains (b) CCGM grains.

cles, a slight decrease in the force is noted. This is surpris-
ing, as cohesion is expected to add resistance to flow. The
second major observation is that the lift force is by contrast
strongly affected by cohesion. In both wet and coated par-
ticles, the lift force is reduced by almost a factor of four,
showing that the lift is much more sensitive to cohesion
than the drag.

A plausible qualitative explanation can be given by es-
timating the cohesive stress of our granular material. For
our 300µm particles, the cohesive stress for both wet and
coated particles is on the order of a few hundred Pascals
(less than 400Pa for the most adhesive cases). Since the
drag force is proportional to the mean hydrostatic stress
ρgH, the influence of cohesion is controlled by τc/ρgH,
which is less than 0.4 for our glass beads explaining the
weak influence of adhesion on the drag.

On the other hand, the lift force is related to the pres-
sure difference above and below the obstacle, with the
characteristic pressure difference being ρgD. The influ-
ence of cohesion on the lift force is then expected to be
related to τc/ρgD, which, in the range of depths investi-
gated, is on the order of 4. This value is ten times larger
than the corresponding value for the drag force, which may
explain why cohesion primarily affects the lift force rather
than the drag force. However, further investigation is nec-
essary to better understand the influence of cohesion on
drag and lift. In particular, during the first half rotation
of the cylinder where the cylinder does not feel its own
wake. Preliminary results show that the preparation proto-
col plays a crucial role.

4 Conclusion

In this study, we investigated through experiments how the
drag and lift forces experienced by a horizontally moving
cylinder in a granular medium are modified when cohesion
is introduced between the grains. Experiments were con-
ducted using two types of cohesive granular media: wet
grains and grains coated with a sticky polymer. For both
cases, observations indicate that the drag is weakly im-
pacted by cohesion, whereas the lift is significantly dimin-
ished.

References

[1] Ding Yang, Nick Gravish, and Daniel I. Goldman,
Drag induced lift in granular media. Physical review
letters 106(2), 028001 (2011). https://doi.org/10.1103/
PhysRevLett.106.028001

[2] Fabricio Q. Potiguar, and Ding Yang, Lift and drag in
intruders moving through hydrostatic granular media at
high speeds. Physical Review E 88(1), 012204 (2013).
https://doi.org/10.1103/PhysRevE.88.012204

[3] François Guillard, Yoël Forterre, and Olivier
Pouliquen, Depth-independent drag force in-
duced by stirring in granular media. Phys-
ical review letters 110(13), 138303 (2013).
https://doi.org/10.1103/PhysRevLett.110.138303

[4] François Guillard, Yoël Forterre, and Olivier
Pouliquen, Lift forces in granular media.
Physical of Fluids 26(4), 043301 (2014).
https://doi.org/10.1063/1.4869859

[5] François Guillard, Yoël Forterre, and Olivier
Pouliquen, Origin of a depth-independent drag
force induced by stirring in granular me-
dia. Physical Review E 91(2), 022201 (2015).
https://doi.org/10.1103/PhysRevE.91.022201

[6] François Guillard, Yoël Forterre, and Olivier
Pouliquen, Scaling laws for segregation forces in dense
sheared granular flows. Journal of Fluid Mechanics
807, R1 (2016). https://doi.org/10.1017/jfm.2016.605

[7] Raenell Soller and Stephan A. Koehler, Drag and lift
on rotating vanes in granular beds,” Physical Review E
74, 021305 (2006). https://doi.org/10.1103/PhysRevE.
74.021305

[8] Hiroaki Katsuragi and Douglas J. Durian, Unified
force law for granular impact cratering. Nature Physics
3, 420–423 (2007). https://doi.org/10.1038/nphys583

[9] Hiroaki Katsuragi and Douglas J. Durian, Drag force
scaling for penetration into granular media. Physical
Review E 87, 052208 (2013). https://doi.org/10.1103/
PhysRevE.87.052208

[10] Ryan D. Maladen, Yang Ding, Chen Li, and Daniel
I. Goldman, Undulatory swimming in sand: subsurface
locomotion of the sandfish lizard. Science 325, 314-318
(2009). https://doi.org/10.1126/science.1172490

[11] GDR MiDi, On dense granular flows, Euro Physical
Journal E 14, 341–365 (2004). https://doi.org/10.1140/
epje/i2003-10153-0

[12] Freeman, R. Measuring the flow properties of con-
solidated, conditioned and aerated powders-A compar-
ative study using a powder rheometer and a rotational
shear cell. Powder Technology, 174(1-2), 25-33 (2007).

[13] Adrien Gans, Olivier Pouliquen, and Maxime Nico-
las, Cohesion-controlled granular material, Physical
Review E 101, 032904 (2020). https://doi.org/10.1103/
PhysRevE.101.032904

[14] Vincent Richefeu, Moulay Saïd El Youssoufi, and
Farhang Radjaï, Shear strength properties of wet gran-
ular materials, Physical Review E 73, 051304 (2006).
https://doi.org/10.1103/PhysRevE.73.051304

2

EPJ Web of Conferences 340, 02003 (2025)	 https://doi.org/10.1051/epjconf/202534002003
Powders & Grains 2025



both cases, the cohesion can be controlled by adjusting
the proportion of liquid or PDMS added to the granu-
lar assembly. For wet systems in the pendular regime,
cohesion increases with the liquid ratio, W, defined as
W = mwater/mgrains where mwater and mgrains are the masses
of water and grains, respectively [14]. For CCGM grains,
cohesion is directly related to the average thickness of the
coating, b [13] (Fig. 1b).

The drag and lift forces were measured after five rota-
tions to ensure a stationary regime and were averaged over
three rotations and three independent runs. The drag force
in this case is known to be influenced by the previous ro-
tations [3]. However, this method provides a simple and
convenient way to prepare the sample in a reproducible
state, allowing us to effectively assess the influence of co-
hesion.

3 Results and discussion

Initially, we validated our experimental setup and protocol
by studying the drag and lift forces for dry glass beads.
As shown in Figures 2 and 3 (black square symbols),
both forces increase with depth H until reaching a satu-
ration point at larger depths. Our measurements align well
with the results previously obtained by Guillard et al. (red
square symbols) [3, 4].
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Figure 2. Evolution of the drag force, Fdrag with the depth for (a)
wet grains (b) CCGM grains.

The results for cohesive materials are presented for wet
particles (Figs 2a and 3a) and coated particles (Figs.2b and
3b). The first observation is that the drag force (Fig. 2) is
not significantly affected by the introduction of adhesion in
our systems. Almost no noticeable difference is observed
for the wet system, whereas for the polymer-coated parti-
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Figure 3. Evolution of the lift force, Flift with the depth for (a)
wet grains (b) CCGM grains.

cles, a slight decrease in the force is noted. This is surpris-
ing, as cohesion is expected to add resistance to flow. The
second major observation is that the lift force is by contrast
strongly affected by cohesion. In both wet and coated par-
ticles, the lift force is reduced by almost a factor of four,
showing that the lift is much more sensitive to cohesion
than the drag.

A plausible qualitative explanation can be given by es-
timating the cohesive stress of our granular material. For
our 300µm particles, the cohesive stress for both wet and
coated particles is on the order of a few hundred Pascals
(less than 400Pa for the most adhesive cases). Since the
drag force is proportional to the mean hydrostatic stress
ρgH, the influence of cohesion is controlled by τc/ρgH,
which is less than 0.4 for our glass beads explaining the
weak influence of adhesion on the drag.

On the other hand, the lift force is related to the pres-
sure difference above and below the obstacle, with the
characteristic pressure difference being ρgD. The influ-
ence of cohesion on the lift force is then expected to be
related to τc/ρgD, which, in the range of depths investi-
gated, is on the order of 4. This value is ten times larger
than the corresponding value for the drag force, which may
explain why cohesion primarily affects the lift force rather
than the drag force. However, further investigation is nec-
essary to better understand the influence of cohesion on
drag and lift. In particular, during the first half rotation
of the cylinder where the cylinder does not feel its own
wake. Preliminary results show that the preparation proto-
col plays a crucial role.

4 Conclusion

In this study, we investigated through experiments how the
drag and lift forces experienced by a horizontally moving
cylinder in a granular medium are modified when cohesion
is introduced between the grains. Experiments were con-
ducted using two types of cohesive granular media: wet
grains and grains coated with a sticky polymer. For both
cases, observations indicate that the drag is weakly im-
pacted by cohesion, whereas the lift is significantly dimin-
ished.
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