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Intruder dynamics in granular media under localized surface loading
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We experimentally investigate the dynamics of a spherical intruder driven horizontally at a constant force
in a granular medium subjected to a localized surface overload. While intruder motion beneath a free surface
exhibits constant acceleration in the quasistatic regime, the presence of a surface load induces a pronounced
transient deceleration when the intruder passes below the loaded region. The magnitude of this deceleration
increases with the applied overload and saturates at large overloads, while it decreases with intruder depth.
Introducing a characteristic timescale and an overload-based Froude number, we show that the deceleration
dynamics collapse onto master curves. We further develop a model incorporating stress transmission from
the surface, which partially captures the intruder deceleration. In this approach, this deceleration is shown to
depend on two parameters: the overload and the area on which this overload is applied. These results provide a
framework to quantify how localized surface stresses influence subsurface intruder dynamics, with implications
for locomotion, root growth, and underground transport in granular media.
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I. INTRODUCTION

From everyday experience, we know that slowly displacing
a solid object (intruder) within a granular medium is more dif-
ficult than in a fluid, as it involves stronger force fluctuations,
intermittency, and vibrations. For example, it is much easier
to stir a teaspoon in a cup of tea than in a container filled
with granulated sugar. In the latter case, the discrete nature
of grains creates and breaks contact chains that intermittently
resist and collapse under the imposed force, resulting in a
much more complex motion of the intruder. In spite of its
complexity, this kind of motion is frequent in nature, such as
in the displacement of animals [1] and the growth of plant
roots [2] within sand, and in human activities as well, such
as soil drilling [3] or the construction of foundations in civil
engineering. Therefore, improving our understanding of such
motions is essential both for natural systems and for human
activities.

Numerous studies have investigated the quasistatic mo-
tion of intruders within granular media, providing a clear
characterization of the drag forces they experience [4—14].
The drag force on an intruder is observed to scale with its
cross-sectional area multiplied by the granular pressure at its
location, which in turn increases linearly with depth [15,16].
In this regime, the drag force is found to be independent of
the intruder velocity [13,14,17-19], in contrast to what is
typically observed in fluids. Furthermore, experimental and
computational studies have investigated the rearrangement
of grains as an intruder moves through a granular medium
[12,13]. These studies show that grains reorganize in a local-
ized region surrounding the intruder, becoming compressed at
the front and dilated in the trailing region, which can result
in local jamming. Nonetheless, most of these studies focus
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on the motion of an intruder beneath a free granular surface,
where surface loads are absent.

The influence of a load applied to the surface of a
granular medium has been primarily investigated in static
configurations. For a localized point load, the resulting stress
distribution has been shown to follow a Gaussian profile,
which broadens and weakens with increasing depth in the
packing [20-22]. When the load covers the entire surface
of a granular column filling a tube, most of the overload is
screened after a characteristic distance on the order of the
tube diameter [23], in agreement with Janssen’s effect [24].
However, the impact of such loads on dynamic processes
has received far less attention. This raises several natural
questions: how deeply do overload-induced stresses propa-
gate into the bed, and does their influence saturate as the
added load increases? More broadly, does an animal moving
within sand or a root growing in soil feel the overload caused
by a given weight placed on the bed surface? If the stress
signature indeed extends into the bulk and can be quantita-
tively related to the applied overload, this could pave the way
to practical applications. Yet, these questions remain largely
unexplored.

In this paper, we investigate how an additional vertical load
applied to the surface of a granular bed affects the quasistatic
motion of a spherical intruder moving horizontally beneath
the surface. To this end, we carried out experiments in which
a constant driving force was applied to the intruder, while
its displacement was recorded over time at varying depths
and surface loads. Across all tested conditions, we systemati-
cally observed a deceleration as the intruder passed beneath
the overloaded surface, with a magnitude that depends on
the surface load. This deceleration was found to saturate
as the overload increased. Additionally, we observed that

©2026 American Physical Society
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FIG. 1. Sketch of the experimental setup used to study the motion of a spherical intruder of diameter d immersed in a granular medium
and driven at velocity v by the mass difference M; — M,. The setup allows investigation of the effect on the intruder dynamics of an overload

of mass m, applied on a surface w,¢, placed over the granular bed.

the proximity of the walls can significantly influence the
drag force experienced by the intruder. Based on the in-
truder’s equations of motion, we introduce a characteristic
timescale, which, together with a Froude number accounting
for the overload, provides an appropriate normalization for the
problem. Finally, we present an analytical model that captures
the deceleration and can be used to estimate the displacement
of intruders in loaded granular media.

II. EXPERIMENTAL SETUP

The experimental setup consists of a rectangular container
measuring L = 364 mm long (x direction) and 264 mm wide
(v direction), filled with monodisperse glass beads of diameter
d, =1%0.1 mm up to a height of 96 mm (Fig. 1).The glass
beads of density 2500 kg m~? yield a granular medium with a
bulk density of approximately p &~ 1600 kg m~—3. To ensure
reproducible experimental conditions, the granular medium
is stirred between successive experiments and subsequently
leveled by gently shaking the container horizontally, yielding
a flat free surface. The origin of the coordinate system is de-
fined at the center of the container, at the level of the granular
surface. A spherical intruder of mass m; = 2.1 g and diameter
d = 12 mm is initially immersed in the granular bed, near
one end of the container. Four small holes (diameter smaller
than 0.5 mm) are drilled into each of the two vertical walls
perpendicular to the longitudinal direction, at depths h =
36, 46, 56, and 66 mm below the free surface. These openings
allow a nylon thread, attached to the intruder, to pass through
the container at a controlled depth. The container rests on a
horizontal table, and the nylon line exits horizontally before
being redirected vertically downward by pulleys located at
the edge of the table. Two suspended masses, M| and M5, are
attached to the ends of the thread, thereby exerting a constant
horizontal driving force AMg = (M — M>)g on the intruder,
where g is the gravitational acceleration. The vertical com-
ponents of the tension compensate both the intruder’s weight
and the lift force acting on it [25], preventing any significant
vertical displacement. The mass M| is varied between 140.6

and 300.3 g, while M, is fixed at 50.7 g, resulting in driving
forces ranging from about 0.9 to 2.5 N. Because the intruder
and the masses are connected by the same nylon thread, we
assume that their displacements along the horizontal x and
vertical z directions, respectively, remain approximately iden-
tical throughout the motion. As direct visual access to the
intruder is not possible, the motion of mass M; is tracked
using a high-speed camera (resolution 2560 x 1600 pixels)
operating at a frame rate of 500 Hz, corresponding to a spa-
tial resolution of approximately 4 pixels per millimeter. The
acquired images are subsequently postprocessed to extract
the trajectory of M;, from which the intruder dynamics are
inferred. The intruder velocity is obtained by differentiating
the position signal in time, using a central-difference scheme
combined with moving-average smoothing. The position data
are first smoothed over 20 frames (0.04 s), followed by time
differentiation, and the resulting velocity signal is further
smoothed over 30 frames (0.06 s). For all investigated depths,
the ratio d/h ranges from 0.18 to 0.33. A slight and tran-
sient deformation of the free surface is observed only at the
shallowest depth (h = 36 mm, d /h ~ 0.33), with a maximum
amplitude of about 2 mm that relaxes after the passage of
the intruder. No significant surface deformation is detected
at larger depths, indicating that the present study primar-
ily focuses on a regime where free-surface effects remain
limited.

Finally, to investigate the effect of localized surface loading
on the intruder dynamics, a rectangular plate is placed on
the top of the granular bed, centered on the container to en-
sure a symmetrical overload. The plate extends w, = 55 mm
along the x direction and ¢, = 264 mm along the y direction,
thereby spanning the entire width of the container, as shown in
Fig. 1. The applied overload mass m, is varied between 29.1
and 2123.1 g.

Table I summarizes the experimental conditions, corre-
sponding to an applied surface stress o, = m,g/w,{, ranging
from 20 to 1500 Pa. Note that each experiment is repeated
six times to compute mean values and statistically meaningful
standard deviations.
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FIG. 2. (a) Position z and (b) velocity v of the mass M as a function of time 7. (c) Velocity v of the intruder as a function of its position x
in the container. The different curves correspond to different trials performed in the same experimental conditions, with AMg ~ 1.2 N and at

an immersion depth 7 = 46 mm.

III. RESULTS AND DISCUSSION

A. Intruder dynamics in an unloaded granular medium

We first investigate the horizontal displacement of the in-
truder through the grains, without any overload on the surface,
i.e., m, = 0. Figures 2(a) and 2(b) show, respectively, the ver-
tical position z and the corresponding velocity v of the mass
M; as a function of time ¢, for six equivalent experimental
runs performed under identical conditions, at an immersion
depth 4 = 46 mm and with a driving force AMg >~ 1.2 N.
We observe in Fig. 2(a) that the mass undergoes accelerated
motion over time. While the onset time of the motion shows
significant variability, the overall dynamics remain highly re-
producible across different tests. As shown in Fig. 2(b), the
velocity initially displays a bump at the onset of motion, fol-
lowed by small oscillations. It then increases approximately
linearly with time, before undergoing a pronounced deceler-
ation at the end of the trajectory, when the intruder reaches
the container wall. The linear increase of velocity with time
indicates that the system undergoes constant acceleration.

Regarding motion onset, the variability observed in
Fig. 2(a) is attributed to the intruder’s proximity to the con-
tainer wall, which hinders grain recirculation around it and
thereby delays the initiation of movement. At the end of the
trajectory, as the intruder approaches the opposite wall of
the container, the rapid deceleration arises from grain rear-
rangement around the intruder, which becomes increasingly
constrained near the boundary and thus enhances resistance to
motion. The wall itself ultimately stops the intruder.

Analyzing more precisely the total distance traveled by the
falling mass in Fig. 2(a), we note that it is slightly greater than

TABLE I. Summary of the experimental conditions: immersion
depth £ of the intruder, mass M, setting the horizontal driving force,
and overload mass m, applied at the surface of the granular bed. The
mass M, is fixed at 50.7 g.

h M| m,
(mm) (€9) (2)
36 140.6 0-600.0
46 171.6 0-250.0
56 200.7 0-900.0
66 300.3 0-2123.1

the container length, by up to 20 mm (maximum observed
value). This discrepancy is attributed to the slight elasticity of
the nylon thread connecting the intruder to the driving mass.
In the initial moments, the thread stretches before transmit-
ting sufficient force—a behavior supported by the early-time
velocity curves, which show a small bump associated with
thread relaxation [see Fig. 2(b)]. In the following, we assume
that the wire extension occurs only during the very first mo-
ments of the mass dynamics, and we subtract this extension
in order to deduce the intruder position in the container from
the mass position. Figure 2(c) shows the intruder velocity v
as a function of its position x, corrected for wire extension.
The total distance traveled by the intruder then matches the
container length, i.e., 352 mm.

These experiments were repeated for different driving
forces AMg and intruder depths A. In all trials, a regime
was consistently observed in which the intruder undergoes
constant acceleration. Naturally, both the intruder velocity and
acceleration depend on its depth of immersion and on the driv-
ing force applied. For a given immersion depth, a minimum
driving force is required to initiate motion. This threshold
increases with depth, reflecting the greater resistance offered
by the granular medium as the intruder is deeper in the bed.
Above the threshold, the intruder’s acceleration increases with
the driving force AMg.

To rationalize these observations, we consider the equa-
tion of motion of the spherical intruder. The intruder
experiences a drag force from the granular medium, whose
form depends on the flow regime, characterized by the Froude
number Fr = v/\/gh, defined in terms of the intruder veloc-
ity v and depth A. Throughout the experiments, the Froude
number remains strictly below 1 in nearly all cases, except
for about 10 out of more than 300. In these conditions, the
granular flow surrounding the intruder remains quasistatic,
and the inertial contribution of the drag force it experiences
can be neglected. The drag originates from the vertical stress
generated by the weight of the grains, which scales as pgh,
acting on the intruder frontal area wd? /4, and is expressed as
K.d?pgh, where K, is a numerical coefficient [26]. Since the
density of the intruder is comparable to that of the granular
medium, an added mass force must be taken into account,
as is commonly done in fluid mechanics. The added mass
m, corresponding to this force reads m, = C,m pd? /6, where
C, >~ 1.24 is a coefficient that depends on the grain size
d, and the diameter of the intruder d [27]. Consequently,
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FIG. 3. Linear phase of v normalized by the characteristic veloc-
ity v., as a function of the normalized time ¢/, for the depths (V)
h =36 mm, (o) h =46 mm, ([ /) h = 56 mm, and (~) & = 66 mm.
(—) Straight line with slope 1, and passes through the origin. Inset:
coefficient K, as a function of the immersion depth h. Standard
deviations are too small to be shown.

the total mass to be considered in the equation of motion
is m =m; + M| + My + m,. Defining aq = d*x/dt?* as the
acceleration of the intruder in the regime where the quasistatic
drag force dominates, this acceleration reads

AM — K.d?ph
gy = ——& 1
m

from which, by considering % as the typical length, we ob-
tain the characteristic time v = (h/aqs)l/ 2. By normalizing
the position x by & and time ¢ by 7, and considering the
initial condition x(r = 0) = 0, we obtain the expression for
the intruder’s velocity v in its normalized form

v t
= 2)
ve T
where v, = h/t is the characteristic velocity of the problem.
Equation (2) predicts that the intruder velocity increases lin-
early with time, in qualitative agreement with the experiments.
To assess the quantitative agreement between the model and
the data, it is necessary to estimate T, which depends on the
coefficient K. In the literature, K, has been reported to vary
widely, with values ranging from 1 to 8 [26,28-30]. While
Guo proposed that K, primarily depends on the packing frac-
tion [26], a wide range of variability may still be expected due
to other influencing factors such as surface roughness of the
intruder and the grains, relative humidity, polydispersity, and
other system properties [31]. Therefore, we fit the experimen-
tal data using Eq. (2), treating K, as a free parameter. Figure 3
shows the normalized intruder speed v /v, as a function of the
normalized time 7/t and a reasonable collapse of the data on
the unitary slope is observed. The values of the coefficient
K obtained from this fitting procedure are displayed in the
inset of Fig. 3. We find that K, remains approximately con-
stant across the first three immersion depths, with K, ~ 10,
but increases to K, ~ 14 for the deepest configuration (h =
66 mm). This increase is attributed to the proximity of the

intruder to the bottom wall, as the available distance below the
intruder is reduced to approximately 2.5 intruder diameters.
In the quasistatic regime, grain rearrangements responsible
for the drag remain strongly localized around the intruder
[17]. When these localized rearrangements are affected by the
bottom boundary, the grains can no longer reorganize freely
beneath the intruder, leading to an increased resistance to
motion and therefore to a larger effective drag coefficient.
This explains why the deepest configuration systematically
departs from the behavior observed at the smaller immersion
depths throughout the manuscript. This reference behavior
in the absence of surface loading will serve as a baseline to
quantify the effects of an applied overload in the following
section.

B. Intruder dynamics in a loaded granular medium
1. Experimental results

We now focus on the motion of the intruder in a granular
medium whose surface is loaded with a mass m, =223 g
uniformly distributed over the area w,f, at the center of
the container. As a representative case, we present in Fig. 4
the data for an intruder at depth 7 = 46 mm, driven by a force
AMg ~ 1.2 N. Except for the applied surface overload, the
experimental conditions are identical to those of Sec. IIT A,
and results for other depths show the same qualitative
behaviors.

Figures 4(a) and 4(b) show the position z and velocity v of
the mass M| as a function of time, respectively. Beyond the
initial transient phase at the release of mass M (as discussed
above), the surface load clearly influences the intruder dy-
namics. Figure 4(a) shows that the intruder position does not
increase continuously with time but instead reaches a plateau
while passing beneath the surface load, before recovering its
accelerating motion afterward. Figure 4(b) shows the intruder
velocity as a function of time for a single example, for the sake
of clarity. After an initial linear rise to vy (filled symbol),
the velocity drops sharply to vy, (open symbol) before in-
creasing again. The velocity—position plot in Fig. 4(c), based
on five repetitions conducted under identical conditions, re-
veals a clear pattern: the intruder’s velocity initially increases,
reaching a peak, at a velocity vmax, after approximately
125 mm, followed by a sharp decline to a minimum (Vpy)
around the midpoint of the trajectory, and then increases again
until the intruder comes to rest against the far wall of the
container. We first focus on the spatial extent of the zone
where the surface load affects the intruder dynamics, defined
as the region between the local maximum and minimum of the
velocity. The influence zone of the overload is shown in Fig. 5
for four different immersion depths / of the intruder. It is
observed that the influence zone of the overload is not located
directly beneath it but is shifted upstream. The intruder begins
to experience the effect of the overload before reaching its
vertical projection. This forward shift can be explained by
the fact that the intruder moves toward a region of higher
confining stress where the granular material has redirected the
surface load. Consequently, the intruder moves into a region
with higher stress and where redirected granular forces are
opposed to its motion. It is worth noting that, within the
explored range of depths, the boundaries of the influence zone
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FIG. 4. (a) Position z and (b) velocity v of the mass M as a function of time 7. (c) Velocity v of the intruder as a function of its position x
in the container. Filled circles indicate the point where deceleration due to the surface overload becomes noticeable, while open circles mark
the end of the overload’s influence zone. The shaded area indicates the position of the surface overload. The different curves correspond to
different trials performed in the same experimental conditions, with an overload of mass m, = 223 g, AMg~ 1.2 N, and at an immersion

depth & = 46 mm.

appear to be approximately vertical. In the case of a point load
applied to a 2D assembly of photoelastic disks, it has been
observed that the surface load affects a zone that widens with
depth within the material [20,22]. These findings indicate that
the characteristics of the influence zone generated by a point
load in a 2D disk assembly differ from those produced by an
extended surface load in a 3D configuration.

Next, we examine the duration and amplitude of the in-
truder’s deceleration caused by the surface load. The duration
is defined as the time interval At during which the in-
truder’s velocity decreases from its local maximum to its
local minimum value, vy,x and vy, , respectively, as displayed
in Fig. 4(b). The mean deceleration experienced by the in-
truder due to the presence of a surface load is defined as
@ = (Umin — Umax )/ At. For each experiment performed with
varying surface loads and depths, we calculate both At and a.
Figures 6(a) and 6(b) present these quantities as functions of
the overload mass m,. In the plots, the symbols denote mean

201
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e 40
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= 60
80+
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FIG. 5. Region of influence of the applied surface overload of
mass m, = 223 g for four intruder immersion depths 2 from 36
to 66 mm. Filled symbols indicate the position where deceleration
begins, while open symbols mark the onset of reacceleration. The
overload is depicted by the gray area located at the granular free
surface, shown as the dashed line at 7 = 0. The hatched region
corresponds to the bottom wall of the container at # = 96 mm.

values, while the vertical bars indicate standard deviations es-
timated from repeated experiments. For the time interval A¢,
we observe a slight increase with m, at a given depth, while
no clear trend regarding the effect of depth on this quantity
can be inferred. Concerning the local deceleration induced by
the surface load, we observe in Fig. 6(b) that |a| first increases
with m, before reaching saturation. Moreover, the deeper the
intruder, the smaller the deceleration it experiences, and the
saturation occurs at larger overload masses.

The influence of the intruder’s depth on Af and a, as shown
in Figs. 6(a) and 6(b), is difficult to interpret because the
driving force differs at each depth. Moreover, the local decel-
eration a depends on the intruder’s velocity v, immediately
before the onset of deceleration, making direct comparisons
between runs difficult. To address this issue, we seek dimen-
sionless quantities relevant to the problem. The timescale At
can naturally be normalized by the characteristic time t intro-
duced earlier, yielding the nondimensional parameter Atf/zt.
For the local deceleration a and, by analogy with the drag
coefficient in fluid mechanics, we introduce the coefficient of
overfriction, defined as

lald
Cy =

, 3)
vrznax

where vnax 1S the intruder’s velocity just before the decel-
eration occurs, as defined above. As in fluid mechanics, Cr
represents a dimensionless force. Finally, the intruder veloc-
ity vmax upon entering the zone of influence of the surface
load can be normalized by introducing a Froude number,
defined as

$, 4)
V(0o + pgh)/p

where o, + pgh is the granular vertical stress taking the over-
load o, into account and p the bulk density of the granular
material. All experimental data are presented in dimensionless
form, with At and C; plotted as functions of Fr, in Figs. 6(c)
and 6(d), respectively. Here, the normalized time interval
At /7 has been estimated using K, >~ 10, in agreement with
the estimates found above (see inset of Fig. 3). Figures 6(c)
and 6(d) show that, when expressed in terms of nondimen-
sional parameters, all data collapse onto a single trend. We
note that values of Fr, are smaller than 1, corroborating the

Fr, =
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FIG. 6. (a) Duration of the deceleration Ar and (b) deceleration |a| of the intruder as a function of the mass m, of the overload. (c) Duration
At normalized by the characteristic time 7 as a function of the Froude number Fr, . The solid line corresponds to a linear fit of the data, of the
form At/t = —0.64 Fr, 4 0.75. (d) Overfriction coefficient C; (normalized deceleration) as a function of the Froude number Fr,. The solid
line corresponds to a linear fit of the data, of the form Cy = —0.23 Fr, + 0.15. The different symbols correspond to different immersion depths

h ranging from 36 to 66 mm.

quasistatic motion of grains, and that values for Fr, < 0.1
deviate from the masterline because of the higher uncertain-
ties in computing a when velocity variations are very small.
The collapse of the Ar/t data onto a master curve corrobo-
rates T as the relevant timescale for the problem. Moreover,
the decrease of Ar/t with increasing vy, and decreasing
o, + pgh is consistent with expectations. In the quasistatic
regime, where friction is velocity-independent, the traversal
time over a given distance decreases with increasing intruder
velocity, consistent with the observed decrease of Af/t with
Fr,. In the same way, the collapse of the C; data when plotted
in Fig. 6(d) as a function of Fr, shows the pertinence of
Umax and o, + pgh for the level of deceleration. We further
observe in Fig. 6(d) that C; remains within the range [0; 0.15],
which can be rationalized from the geometric parameters of
the experiment. A characteristic scale for the deceleration |a|
can be estimated by considering a velocity variation over the
characteristic length of the overloaded region w,, leading to
lal = (V2 — v2:)/(2w,). For vmin < Umay, this gives |a] =
vﬁmx /(Qw,) and Eq. (3) then yields the order of magnitude
estimate Cy 2>~ d/(2w,). This prediction depends only on the
geometry of the system and yields C; >~ 0.11, in good agree-
ment with the experimentally observed values.

2. Discussion

In this section, we develop a theoretical framework to an-
alyze the impact of a surface overload applied to the granular
medium on the resulting motion of the intruder. The objec-
tive is to further analyze the deceleration experienced by the
intruder as it passes beneath the overload, as shown in
Fig. 6(b), in relation to m,. The measured data can be repre-
sented by plotting the normalized intruder deceleration, |a|/g,
against the normalized stress o,/ pgh, for various values of the
depth & [Fig. 7(a)]. Similar to Fig. 6(b), we observe that |a|
initially increases linearly before reaching a plateau. In this
case, however, all the data collapse onto a single trend, except
for the largest depth, 7 = 66 mm.

A stress o, imposed at the surface (h = 0) generates an
additional vertical stress oy, at depth & within the granular bed.
Starting from the expression of the intruder acceleration pre-
viously established in the absence of surface loading [Eq. (1)],
we incorporate the contribution of this overstress to determine
the acceleration a of the intruder as it passes beneath the
overloaded region:

K.d?
Adgqs — :n Oh, )

W_M@—&ﬁ@¢+%)_
m
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FIG. 7. (a) Normalized deceleration of the intruder |a|/g as a function of the normalized surface overstress o,/ pgh. (b) Overstress o, at
depth £ as a function of the applied surface stress o,. The dashed lines, o), = 0, and o}, = constant, are guides to the eye. In each panel, the

four symbols correspond to the different intruder depths % investigated.

where, for a given depth &, ays denotes the intruder acceler-
ation upstream, far from the overloaded region [Eq. (1)]. At
this stage, it is important to clarify the nature of the stress
quantity entering the drag expression. The term pgh appearing
in Eq. (5) should be understood as the vertical stress generated
by the weight of the grains above the intruder, which con-
stitutes the relevant quantity in the empirical quasistatic drag
description for deeply buried objects. In this framework, the
drag force is assumed to depend not on the full stress tensor,
but only on this vertical stress. Accordingly, we assume that a
localized surface overload modifies the drag only through an
additional contribution to this same vertical stress component.
This motivates the introduction of an additional vertical stress
o, at depth h, which modifies the background stress field
experienced by the intruder. The local overstress oj, acting on
the intruder at depth % follows directly from the change in
acceleration (aqs — a), such that

Op (aqs —a). (6)

m
 K.d?
For each experiment involving an overload, we use the esti-
mated values of aq and a to determine oy, using Eq. (6). The
resulting values of oy, are shown in Fig. 7(b) as a function of
the surface stress o, applied at 4 = 0. The overstress oy, in-
creases with increasing o, and tends to saturate at large values
of 0,. The measured values of 0, are comparable in magnitude
to those of o,. For small surface stress (o, < 400 Pa), we
find 0, ~ 0,, which approximately reflects mechanical equi-
librium in the vertical direction. In contrast, for large values
of o,, the saturation of o, suggests a redistribution of the
applied stress, so that only a fraction of the surface load is
transmitted to the regions explored by the intruder. Note that
the transition between the linear regime and saturation appears
to be independent of depth.

To interpret this behavior, we draw on the classical prob-
lem of stress transmission beneath a localized surface load.
While this problem has long been studied in elasticity and soil
mechanics [32,33], Reydellet and Clément [20] demonstrated
experimentally that when a point force F is applied at the

surface of a granular packing, an additional stress o is gener-
ated within the medium, on top of the background stress due
to the weight of the grains. This extra stress is described by
the Green’s function [34]
3F n

o(x)= 27
where & is the vertical depth and x is the horizontal coordinate
from the point of application of the load. Based on Eq. (7), we
compute the infinitesimal contribution to the stress induced by
a homogeneous surface stress o, applied over a rectangular
area of width w, and length £,. For the sake of simplicity,
we neglect variations along the y direction. Denoting by x,
the horizontal coordinate ranging from —w,/2 and w,/2, the
infinitesimal stress contribution reads

30,4, K
2 (W2 + (x(1) — x,)?)/2

where (x(¢) — x,) is the algebraic longitudinal distance be-
tween the intruder position and the surface loading point.
Incorporating this additional vertical stress into the equa-
tion of motion (5), the dynamics of the intruder in the
overloaded bed is governed by

d%x
m—
dt?

Introducing dimensionless variables for length and time, this
equation of motion can be rewritten as

d’x o/ 1
—=1-V - d%, (10
di* /wo/z 1+ Gm -z o 19

where X = x/h,f =t /7, and @, = w,/h. Equation (10) high-
lights that the intruder dynamics results from the balance
between the quasistatic driving acceleration (first term) and
a nonlocal contribution arising from the surface overload,
whose strength and spatial extent are respectively controlled
by the dimensionless parameters W and @, (second term).
The dimensionless parameter W, which measures the relative

(7

do(x(t)) = dx,, ®)

= AMg — K.d*[pgh + o (x(1))]. ©)
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FIG. 8. Time evolution of the dimensionless (a) position ¥ and (b) velocity ¥ of the intruder, and (c) ¥ as a function X for different

dimensionless overload parameters ¥ from 0.001 to 1.5.

importance of the surface overload, follows from the nondi-
mensionalization using the quasistatic acceleration ag as the
natural acceleration scale:

oo Kelodo,
27 h mags

(1)

It is important to note that the integration bounds @, de-
pend explicitly on the depth h. Consequently, the solution
of Eq. (10) is controlled by the two parameters W and w,,
together with the initial conditions. The latter are given by
d%/di =0 and ¥ = —(L — d)/2h at f = 0. Equation (10) is
solved numerically for different values of the dimensionless
overload parameter W. Figures 8(a) and 8(b) show, respec-
tively, the dimensionless position ¥ and velocity ¥ of the
intruder for various applied overload parameters W. The
dimensionless variables are computed using parameters con-
sistent with the experimental conditions: &7 = 46 mm, AM =
1209 g, d = 12 mm, m =224.4 g, and K, = 10 extracted
from experiments presented in the inset of Fig. 3. The ap-
plied surface stress o, ranges from 0 to 350 Pa, which is
the maximal stress which can be solved numerically. Except
for the initial and final stages of the motion discussed in
Sec. IIT A, the model captures the intruder dynamics well, re-
producing the deceleration observed when the intruder passes
beneath the overloaded region, as previously shown in Fig. 4.
Moreover, the magnitude of the deceleration increases with
the applied stress. The model also predicts the existence of
a critical stress above which the intruder velocity approaches
zero, and the intruder eventually stops. This behavior corre-
sponds to a limiting overload for a given driving force, in
agreement with the experimental observations.

From this analysis, the normalized deceleration & = a/ags
can be extracted from Fig. 8(b) using the same procedure
as for the experimental data [Fig. 4(b)]. Using Eq. (6), we
estimate the effective overstress felt by the intruder in this
model,

~ szzah
6p = —

=1-a. (12)
mags

Since the normalized overstress 5 can be determined both
experimentally and theoretically, a quantitative comparison
between the model and the experiments can be performed.
Figure 9 displays the evolution of &), as a function of the
dimensionless overload parameter W for the four investi-
gated immersion depths. The symbols correspond to the

experimental measurements, while the solid lines represent
the theoretical predictions obtained by solving Eq. (10) with
initial conditions matching the experimental configuration,
namely, an intruder released from rest at the entrance of the
container.

The model satisfactorily captures the initial linear increase
of 6, with W without introducing any adjustable parameter
beyond those independently determined from the unloaded
dynamics. However, for the experimental initial conditions,
the theoretical curves terminate at relatively small values of
W (¥ < 2). Beyond this critical value, the model predicts that
the intruder velocity vanishes beneath the overloaded region
and no longer crosses it. In this situation, the deceleration can-
not be defined consistently with the experimental procedure,
which relies on identifying a local maximum and minimum
of the velocity during a complete traversal of the overloaded
zone. As a consequence, the theoretical curves obtained under
experimental conditions extend, at best, over the very first
points of experimental data, which limits the direct quanti-
tative comparison over a broader range of W.

To explore the intrinsic behavior of the model beyond
this restriction, we also computed theoretical solutions using

o 24 O
v w,=0.76
14 O w,=0.60
0O w,=0.49
W, =042
O T T T T T T T
0 2 4 6 8 10 12 14

4

FIG. 9. Normalized overstress &), at depth & as a function of W
for different normalized width @, and initial condition L = 364 mm.
Solid lines correspond to the theoretical computation of &), for the
same values of W, ,,, and L. Dashed lines correspond to the theoret-
ical computation of &, in similar conditions for L = 900 mm.
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modified initial conditions. More specifically, the intruder was
released from a position located at a larger distance upstream
of the overloaded region (L = 900 mm), so that it reaches the
overloaded region with a higher velocity. This increased ap-
proach velocity enables extending the accessible range of the
theoretical predictions. The corresponding results are shown
as dashed lines in Fig. 9. Although these additional curves no
longer correspond strictly to the experimental configuration,
they provide useful insight into the structure of the theoret-
ical response. In particular, they highlight that & initially
increases roughly linearly with W, before slightly bending
and eventually approaching a regime associated with strong
deceleration and imminent arrest.

Small discrepancies between theory and experiments re-
main visible even in the range where both can be compared
quantitatively, with the model slightly overestimating the
measured values. These differences are not unexpected, as
the stress transmission is computed using a Green’s function
originally derived for the response of a granular medium to
a localized point force in a two-dimensional framework, and
is here employed as an approximation for a three-dimensional
configuration involving a spatially extended load. Effects such
as stress redistribution within the bulk, frictional interactions
with the lateral walls, and the finite depth of the granular
layer are therefore not explicitly accounted for. In particu-
lar, Eq. (7) is derived for a semi-infinite medium, whereas
the present experiments are performed in a granular bed of
finite depth. These effects may contribute to the discrepan-
cies observed between theory and experiments, especially for
the largest immersion depth. In addition, the implementation
of the model relies on two parameters, W and @,, which
both vary with the intruder depth h. Furthermore, the present
model is not intended to predict the absolute value of the
quasistatic drag coefficient K, which is independently deter-
mined from the unloaded experiments and subsequently kept
fixed throughout the analysis of the overloaded configurations.
A prediction of this reference drag coefficient would require
a more elaborate description of the quasistatic stress field,
such as slip-line approaches developed in the literature [35].
Despite these limitations, once the reference drag coefficient
has been independently determined, the model provides a
consistent description of the initial response of the intruder
to surface loading and successfully captures the main experi-
mental trends over the accessible range of W.

IV. CONCLUSION

We have investigated experimentally and theoretically the
motion of a spherical intruder driven horizontally within a
granular bed subjected to a localized surface overload. In the
absence of loading, the intruder undergoes a constant acceler-
ation governed by a depth-dependent quasistatic drag. When
a surface overload is applied, a significant transient decelera-
tion occurs as the intruder passes beneath the loaded region.
The magnitude of this deceleration increases with the applied
stress, decreases with depth, and ultimately saturates at large

overloads, revealing a partial redistribution and screening of
stresses within the granular bulk. This saturation, which is not
trivial a priori, indicates that beyond a certain level of surface
loading, additional stress is no longer fully transmitted to the
region explored by the intruder, but is instead redistributed
laterally or redirected toward the container boundaries. By
introducing appropriate dimensionless quantities, namely, a
characteristic timescale and an overload-based Froude num-
ber, we showed that the deceleration dynamics collapse onto
master trends. A model based on stress transmission from
the surface quantitatively captures the linear response corre-
sponding to small overloads. Although simplified, the model
provides a consistent framework to rationalize how local-
ized surface stresses affect subsurface granular motion. The
present study focuses on relatively deep intruders (0.18 <
d/h < 0.33), for which no significant deformation of the free
surface is observed. For shallower intrusions (larger d/h),
surface deformation and associated free-surface flows are ex-
pected to modify both the drag force and the overload-induced
deceleration.

Beyond the present study, several perspectives naturally
emerge. Numerical simulations would provide direct access
to the internal stress distribution and force-chain organiza-
tion, helping to clarify the physical origin of the observed
saturation and to disentangle the respective roles of stress
arching, stress redirection, and wall effects. Extending the
investigation to the inertial regime also constitutes a natural
continuation of this work. At larger Froude numbers, where
collisional contributions to the drag become significant, the
interplay between overload-induced stresses and inertial ef-
fects may lead to different scaling behaviors and modified
deceleration dynamics. Another promising direction concerns
the vertical force balance. Since surface loading is expected
to affect not only the horizontal drag but also the lift force
acting on the intruder, measuring and modeling this effect
would provide further insight into three-dimensional stress
transmission in loaded granular media.

Altogether, this work contributes to a quantitative under-
standing of intrusion processes in loaded granular media, and
opens the way toward a broader understanding of mobility in
granular systems.
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