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We experimentally study the effect of an interstitial liquid on pressure saturation in a confined granular
column, specifically regarding the Janssen effect. First, we analyze the case of dry grains in a cylindrical
container as a reference system. Then, the experiments are carried out in the same container filled with
water, considering two scenarios: (i) when the grains are denser than water and sediment under gravity,
and (ii) when the grains are less dense than water and rise to the surface due to buoyancy. In the first
case, we observe a Janssen-like effect that depends on the particle density ratio to the liquid density.
Stress saturation is evident when very dense particles are poured; however, this saturation nearly
disappears for grains with a density similar to that of water. We describe these experimental
observations using a Janssen-like approach that accounts for the hydrostatic stress introduced by the
surrounding fluid. In the second scenario, a buoyancy-driven Janssen effect is found when the pressure
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DOI: 10.1039/d5sm00523; is measured at the top of the column, and the model successfully accounts for this phenomenon.

Importantly, these results demonstrate the significance of grain-to-grain stress transmission, even for
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1 Introduction

The Janssen effect is a distinctive feature of granular matter: when
grains are deposited in a container, the network of contacts
between the particles results in force chains that redistribute the
stress of the granular column towards the sidewalls, causing the
pressure at the bottom of the container to saturate as the level of
the column increases."™ This ability of granular materials to self-
distribute stresses via force chains differentiates them from con-
ventional fluids and solids,>® making their study relevant in various
fields of science and engineering. It becomes imperative in the
industrial sector, where a large variety of raw materials are typically
stored as grains in silos” (only in 2024, the grain silo and storage
market had a value of USD 1.7 billion, and it is expected to reach
USD $2.3 billion in 2029, attributed to population growth, climate
change concerns, food security, and other geopolitical factors®).

Since Janssen’s pioneering study of the eponymous phe-
nomenon using seeds and dry grains,' a continuum approach
was used to derive the classical expression for the saturation of
vertical stress (pressure) o, at a depth z, given by:

0z = pmg'{(l - e—z//l)’ (1)

where py, is the density of the medium, g the acceleration of
gravity, and A a characteristic saturation length. Experimental®™?
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granular columns suspended in a fluid.

and numerical®®>™*” studies have contributed to a better under-

standing of how various factors influence this tendency. For
instance, it is well known that A is affected by the size and
geometry of the container,'>* the shape of the particles,'® and
the friction coefficient.'®'” The Janssen effect is also susceptible
to the way particles are deposited; the effect is more reproducible
when the particles are poured at a constant flow rate and the
filling is quasistatic,"®'® or in a silo with relative wall motion
(dynamic Janssen effect),”® compared to situations where all
particles are suddenly deposited.'® The effect can be suppressed
by slightly vibrating the hopper wall, obtaining hydrostatic
conditions in the pressure profile,*** and the pressure satura-
tion also disappears for soft hydrogel spheres due to lubrication
and low-friction contacts between particles.**”>* A reverse Jans-
sen effect (where the fraction of the weight supported by the base
overcomes one) arises when the container becomes too narrow,
due to the emergence of compressional frictional forces.”® >
More sophisticated systems have been explored, for instance,
using active matter>® and conveyor belts."” Using ferromagnetic
particles, the saturation depth can be controlled by applying
external magnetic stimuli.>® The saturation even emerges with
non-contact magnetic repelling particles in a two-dimensional
cell due to torque-induced friction with the confining walls.**
All the former systems have in common that the interstitial
fluid is air, which is negligible in the force distribution con-
trolled by local dry contact between particles. Under this
condition, we talk about dry granular systems. However, how
is the Janssen effect modified when the grains are poured into a
liquid? In an immersed granular material, additional factors

This journal is © The Royal Society of Chemistry 2025
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such as buoyancy and hydrodynamic interactions come into
play, and to the best of our knowledge, such a scenario has not
been addressed. Indeed, the influence of hydrostatic pressure
and granular redistribution has been considered in pressurized
granular flows discharged from silos.*>> Moreover, an analog
effect at the colloidal scale was recently used to explain the
solidification front of freezing suspensions.>® However, the
Janssen effect was not quantified in such studies. Our research
aims to examine the effect of the interstitial liquid (of density
p1) on the particle-contact-stress distribution and its influence
on the pressure saturation. To that end, we implemented an
experimental procedure to obtain precise and accurate mea-
surements of the vertical pressure as the granular column
forms in different scenarios, depending on the particle/liquid
densities ratio, p/p;. These scenarios range from the case where
the grains quickly settle to the bottom of the container (case 1:
plp1 > 1), to the case where the particles rise to the surface of
the liquid (case 2: p/p; « 1). The results are accompanied by a
model that can describe the different scenarios. For p/p; > 1,
the pressure at the bottom of the container results in a Janssen-
like saturation plus the hydrostatic (linear) pressure of the
liquid displaced by the sedimented particles. The saturation
is rendered negligible under conditions of density matching.
For p/p; « 1, the particles rise to the surface and agglomerate,
producing force chains reverted in the vertical component. In
the latter case, the buoyancy competing against gravity is the
force redirected towards the sidewall. Consequently, a bouyancy-
driven Janssen effect is quantified at the top of the granular
column. By addressing these different situations, the present
study contributes to a deeper understanding of the Janssen effect
under submerged conditions. It expands its applicability to a
broader range of practical and industrial contexts involving
fluid-saturated granular materials, such as grain-washing pro-
cesses, sediment transport, offshore drilling, and fracking.>”*°

2 Case |: sedimented column (p/p, > 1)
2.1 Experimental setup

A sketch of the apparatus used to characterize the Janssen
effect for sedimented grains is presented in Fig. 1(a), and an
actual photograph of the experimental system is shown in
Fig. 1(b). It consists of two cylindrical concentric tubes made
in transparent acrylic; the outer tube of internal diameter D =
57.3 mm and length / = 350 mm has a hermetic bottom and
serves as a water reservoir; the inner tube of height # = 450 mm
is used as an unbottomed silo to contain the granular column,
with inner diameter D; = 44.0 mm and external diameter D, =
50.3 mm. Thus, there is a 3.5 mm gap between the side walls of
the concentric tubes. The internal tube is fixed vertically by an
external support, while the base of the outer tube is screwed to
a digital force sensor (Mark-10 DFG-355) with a maximum
capacity of 25.0 N and a resolution of 0.2 N. The external
tube-sensor system is mounted on a 1 m C-Beam linear actuator
that can freely raise and lower the external container at a
constant speed. This allows us to fill the tube with 600 ml of
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Fig. 1 (a) Sketch and (b) actual picture of the experimental setup used to

measure the submerged Janssen effect for particles denser than the liquid.
The components are: 1. funnel, 2. particles, 3. inner tube, 4. hose, 5. water
container, 6. digital force sensor, 7. linear actuator.

deionized water, then raise the system to leave an initial
separation of 5.0 mm below the base of the inner fixed tube.
Then, the force sensor is set to zero with the recipient exclu-
sively containing water. At this step of the protocol, we ensured
that the tubes do not touch by the absence of fluctuations in the
force sensor signal when tapping the inner tube. After that, a
mass M = 650 g of glass beads (diameter d = 300-500 pm, p =
2.5 g cm ) is poured at a constant flow rate ® ~ 0.89 g s *
from a funnel at the top of the inner tube. As the grains
accumulate, the apparent mass, M,;,, measured at the bottom
of the column, is registered with the force sensor as a function
of time at a frequency of 10 Hz until all the granular material is
discharged. The particle size and the flow rate were chosen to
avoid air bubble trapping when the granular jet crosses the air
water interface.""

We conducted these experiments under two different water
level conditions: (i) variable liquid level condition (VLL), where
the water level was allowed to increase freely due to the volume
displaced by the accumulated grains, and (ii) Constant liquid
level condition (CLL) where the water level was kept constant by
discharging the liquid displaced by the grains using a hose
connected to an orifice in the lateral wall of the external
container. The hose can be blocked or left open depending
on the experimental configuration. The CLL condition is
equivalent to performing the experiment with the setup sub-
merged in a very large tank, where the water level would remain
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almost unperturbed during the filling process. Our setup allows
the reproduction of such a situation without submerging the
non-waterproof force sensor. Moreover, the setup feasibility
was tested by filling the container without water to characterize
the well-known pressure saturation in the case of dry granular
systems. In what follows, primed symbols are used to differ-
entiate the submerged case from the dry case.

2.2  Results

In the VLL experiments, the water level increases by approximately
11.5 cm when 650 g of glass beads are added to the liquid.
Interestingly, we also noticed that the final height of the sub-
merged granular column was H' = 2.75 + 0.3 cm, approximately
1.5 cm higher than the dry column formed with the same amount
of grains, where H = 26.0 & 0.3 cm, indicating a change in packing
fraction 7. Indeed, for submerged columns, we statistically esti-
mated 7’ = 0.62 & 0.01 (in both VLL and CLL scenarios) while for
the dry case n = 0.66 £+ 0.01. This can be explained considering
that the particles experience a larger viscous drag as they fall
through the liquid, which decreases the collisional velocity of the
particles and leads to a more porous granular column.

For the VLL case, the resulting submerged mass Mgpp vs. the
poured mass M is shown in Fig. 2(a) for five independent
realizations. The plot shows a slight tendency to saturation at
first, but then the data increases nearly linearly, which may be
attributed to the combination of the pressure saturation due to
the grains plus the linear contribution of the hydrostatic
pressure. For the CLL state, see Fig. 2(b), Janssen-like satura-
tion was observed; since the hydrostatic pressure remains
constant, the pressure redistribution towards the walls must
be the origin of the observed saturation. The reproducibility of
the five experiments allowed by our experimental design is also
remarkable.
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Fig. 2 Apparent mass measured at the bottom of the container for
submerged columns in conditions of (a) variable liquid level, and (b)
constant liquid level. (c) Diagram of an infinitesimal slice of the submerged
granular medium of thickness dz and radius R at a depth z from the free
surface of the mixture at z = 0).
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2.3 Continuum model for submerged granular columns

Based on the above observations, let us consider that the total
vertical stress delivered by the liquid-grain mixture ¢ can be
expressed as:

0. =0y + P, (2)

where we isolate the vertical stress exerted on the bottom by the
grains immersed in water, afgr, regarding P, the hydrostatic
(isotropic) pressure due to the liquid column.

The differential equation that describes the conventional

Janssen saturation for a dry medium confined in a cylindrical

container of radius R reads as follows:**>
do. pu kL
- z = 5 3
o g =g (3)

where x is the Janssen coefficient that relates the percentage of
vertical stress o, that is redirected towards the walls, p is the particle
density, A and L are the area and perimeter of the transversal
section of the container, respectively, and # is the dry packing
fraction. Without the second term of eqn (3) (the friction contribu-
tion), the equation corresponds to the hydrostatic situation.

In order to describe the submerged case, let us consider an
infinitesimal cylindrical slice of thickness dz and radius R of a
mixture of particles immersed in water in a continuum medium
approach (see Fig. 2(c)). In equilibrium conditions, the sum of
the forces acting on the z-axis can be expressed as follows:

Ado’, — pif Adzg — p|(1 — ') Adzg + p0.Ldz = 0, (4)

where p; is the liquid density and o, is the horizontal stress
acting normal to the sidewall. In the left-hand side of eqn (4), the
first term is the force due to the pressure difference above and
below the slice. The second one is the weight of the granular
medium within the slice, the third term represents the weight of
the interstitial fluid, and the last term is the friction with the
cylindrical wall of the slice of area Ldz, and perimeter L = 2nR.
It is important to note that, based on the experimental results
from rheological tests** and studies on discharging submerged
silos,* the presence of the interstitial water does not alter
significantly the effective friction coefficient u, between the
submerged grains and the lateral wall. Thus, we can assume
Uy constant, but we must consider that the surrounding liquid
could influence the stress redistribution factor «’. For the dry
case, Janssen’s assumption states that o, is proportional to o,
through the constant «. In the submerged case, both the water
and the grains exert a horizontal pressure on the walls; never-
theless, only the horizontal pressure exerted by the grains con-
tributes to the friction, since the water exerts a net force equal to
zero on the grains in the horizontal direction. Consequently, from
eqn (2), o, = «'a}, = (. — P) for the mixture (instead of ’c?).
By substituting this assumption in eqn (4), the pressure in the
submerged case can be integrated from:

da’

dz + A

1K' L u k'L
= (;/z :pﬂ’g+ WA P182, (5)

where we used the effective density p,, = pn’ + p,(1 —#’). In the

This journal is © The Royal Society of Chemistry 2025
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absence of liquid (p; = 0), this expression reduces to the conven-
tional Janssen model with 1’ = 5. Eqn (5) is a first-order non-
homogeneous linear differential equation with solution:

Alp —pn'eg fo 'L
(717 = W 1-— exXp 772 +png

6)

It is important to note that this equation represents the
pressure at a depth z due to a static column of a homogeneous
mixture of water and grains. In the actual experiment, the level of
the granular column is different from the water level; thus, we
must differentiate between the variable z appearing in the first
and second terms of eqn (6); in the first term, z corresponds to the
level of the column of grains submerged in water, while in the
second term, z corresponds to the level of the water column. The
above is valid because, in our VLL experiments, we initially had a
container partially filled with water at a certain level. However, the
initial pressure due to water was set to zero. If Ak represents the
difference in water level before and after adding the grains, the
equation describing the vertical stress evolution can be written in
terms of a characteristic saturation length 2’ = 4/ux'L as:

ol =2(p - pl)n’g<1 —e ”) + pighh (7)

Note the Janssen-like dependence of the first term, and that
the last term represents the hydrostatic pressure due to the
liquid displaced by the immersed grains. It should also be
noted from eqn (6) that if the density of the particles is identical
to that of water, the pressure contribution resulting from the
grains is annulled and only the hydrostatic pressure would be
measured.

A more convenient form to express eqn (7) is parameterizing
the pressure with the apparent mass M;pp that is the data
detected by the force sensor at the base of the system, and the
height of the column with the mass added to the container M.>*
This can be done by multiplying eqn (7) by A/g. After rearran-
ging terms and denoting the liquid-to-grain density ratio as
o = pi/p, one obtains:

My, =M (1 — e 179M/May g

8

Accordingly, for the dry case, eqn (1) can be written as:
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where M’ = (1 —a)A'An'p and M, = JAnp are the predicted
asymptotic values of the apparent mass in each case. In the VLL
case, it was confirmed that Ak measured at the end of the
process coincided with the value expected from the volume
displaced by the grains, confirming that there is no air entrain-
ment durign the process. For the CLL condition, Az = 0 in
eqn (7). This condition implies that, in terms of mass, we are
removing a quantity of liquid mass equal to aM from the
container when we add M grams of grains. It is important to
note that the VLL and CLL regimes are interconnected due to
the assumption of linear stress superposition, as outlined in
eqn (2). In the next section, we will experimentally verify the
validity of this assumption.

2.4 Analysis: experiments vs. model

As a reference state, the Janssen effect was measured for the dry
case using the same experimental apparatus as Fig. 1 but
without liquid. The results are shown in Fig. 3(a). Remarkably,
we obtained very reproducible results against expectations
based on previous studies using dry particles.>® The complete
set of data was fitted using eqn (9), yielding a saturation value
of M, = 109 £ 1 g, as indicated by the horizontal black
dashed line.

Let us now analyze the submerged cases. Fig. 3(b) and (c)
show the averages of five independent experimental realizations
(open symbols) of M, . vs. M’ previously depicted in Fig. 2(a) and
(b), for the columns in the VLL and CLL states, respectively. Solid
lines represent the fitting curves using eqn (8) with « = 0.39 for
glass beads submerged in water, and M’ as the only fitting
parameter. We obtained an excellent fit of the experimental data
for the VLL case (Fig. 3(b)) with M’ =119 £1 g. For the CLL
condition, the linear term must be equal to zero, and then the
data is fitted in Fig. 3(c), obtaining M/ = 116 £ 1 g, practically
the same value as the one received in the VLL scenario. Both
curves demonstrate that, indeed, for the VLL, we can separate
the total pressure into two contributions: a granular-Janssen-like
saturation and a hydrostatic component, as discussed in our
model. Accordingly, subtracting the hydrostatic contribution,
oM, from the VLL experimental data in Fig. 3(b) yields a result

8
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= 10071.6) \§0.8 d)
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Fig. 3 Apparent mass M, measured at the bottom of the container as a function of the added mass M for different scenarios: (a) dry case, (b)
submerged case with a variable liquid level, and (c) submerged case with a constant liquid level and, variable level subtracted the displaced liquid mass,
oM. The data represent the average of five independent trials, and the error bars indicate their standard deviation. The continuous lines illustrate the best
fit according to egn (8), and the horizontal dashed lines indicate the saturation values in each case. In panel (d), it is compared the normalized mass
evolution (M/M.,) for both dry and submerged beads. It is important to note that the evolution of submerged particles occurs more slowly compared to

that of the dry case.
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that is very similar to the CLL data in Fig. 3(c), supporting the
validity of linear additivity introduced in eqn (2).

More importantly, the comparison between eqn (8) and (9),
indicates that submerged stress propagation cannot be treated as
equivalent to a dry system with an “effective” grain mass reduced
by buoyancy. The appearance of the factor (1 — «) in the
exponential term results in a softer evolution of the submerged
Janssen curve compared to the dry case, as illustrated in Fig. 3(d).
We previously assumed that u, remains unchanged for sub-
merged grains.*>** Therefore, the source of the discrepancy lies
in the influence of the interstitial fluid on the granular structure
and its stress propagation through the lateral wall, which is
accounted for by the x factor. The interstitial fluid affects the
spatial scale 1’, where the vertical stress must saturate. From the
values of M., and M/, we have A =4.3 £ 0.1 cm, and 2’ =8.4 +
0.1 cm; thus, the saturation length of the submerged material is
approximately twice that of the dry case which as is usual is
around 2 times the silo diameter. On the other hand, since

/M = (1 —a)'k/nk', taking the corresponding values of
packing fraction and mass saturation, we estimate k' ~ 0.52k.
Considering that k = D/(4u,4), and assuming i, ~ 0.5 for glass
particles with acrylic,> one estimates x ~ 0.5 and ' ~ 0.26. This
result shows that the proportion of stress redistributed towards
the walls in the granular material is almost half that of the dry
case due to the presence of interstitial liquid.

2.5 Effect of the particle-to-liquid density ratio

Eqn (8) indicates that the submerged Janssen effect is markedly
affected by the liquid-to-grain density ratio «. Let us explore the
behavior predicted by the model for the CLL and VLL scenarios.
In Fig. 4(a) we plotted eqn (8) for different values of « consider-
ing the CLL case, in which the last term of the equation is zero.
The softer saturation curves for the submerged cases with
respect to the dry case (« = 0) indicate that, as the value of «
increases, taller columns are required to reach saturation. The
limit case o = 1 corresponds to particles suspended in water. As

correctly predicted by the model, M, must be zero because

the volume of liquid displaced by the particles is evacuated, and
it is equivalent in mass to the added mass of material. On the
other hand, Fig. 4(b) shows the results of eqn (8) for the VLL
scenario. For particle density close to that of water (x ~ 1), the

1.5

[eits —acom a) b)
8 f—c =056 ==——q=0
S 10 1.0
\D.
& VLL Model
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first term of the equation becomes nearly zero and a linear

dependence is predicted, with M ., ~ M corresponding only to

the hydrostatic pressure (red line). The Janssen-like term gets
more importance as o decreases (blue and yellow lines). Finally,
for densities markedly exceeding that of water (x « 1), the
saturation effect becomes notorious (green line).

To experimentally verify the predictions of the model, we
measured the apparent mass of submerged granular columns
for particles of four different densities. Note in Fig. 4(a) that a
wide range of M /M is required to observe the saturation in
CLL conditions, which corresponds to extremely high columns,
not accessible with our experimental setup. For that reason, the
experiments were performed using the VLL scenario. Moreover,
let us recall that the model is based on a continuum medium
approach, and one can expect a better quantitative agreement
with experiments using particles considerably smaller than the
container diameter (as those used in Section 2). However,
limited by our available laboratory supplies and the force
sensor capacity, we used particles of millimetric size: plastic
beads of two densities (0 = 1.1 gem *and p =1.7 gem 3, d =
6.0 mm), glass beads (p = 2.5 g em >, d = 4 mm), and steel
spheres (p = 7.8 g cm >, d = 3 mm).*> We poured the required
mass to generate dry and submerged granular columns of
approximately 30 cm high.

Fig. 4(c) shows the apparent mass for the case of dry
particles as a function of the added mass depending on the
density of the material. The mass saturation was evident in
each case. The data was normalized by the observed saturation
value M, of each material, allowing for the comparison of the
degree of saturation of the curves despite the different material
specifics. The fact that the particles were relatively large for the
dimensions of the container (D;j/d, ~ 7-14) is reflected in a
more abrupt saturation. Such ratio also generates values of
M,p, > M in a particular range (data above the dashed line of
slope 1) which has been reported as a reverse Janssen effect for
dry particles deposited in narrow silos.”*® Fig. 4(d) shows the
corresponding results for the submerged particles (using VLL
conditions). We cannot specifically know the asymptotic values
M by fitting the experimental data because, for p, ~ p, it
would require considerably higher columns for a reasonable
estimate. Moreover, fitting would be a poor approach due to the

15 - 15
c)
S 10 " —== | 10
M
\§ Dry case § VLL case
= = Hydrostati = = = Hydrostati
=2 05 pirgemd| = 0.5 st gis
p =17 glem® f——p =17 glcm®
p=25glcm® p=25glcm’
0.0 p=78glem’ 00 f——p=78gicm’
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M/M M/M
o [o<]

(a) and (b) Model predictions using eqn (8) for the Janssen effect in submerged columns with grains of different densities, for (a) CLL and (b) VLL

conditions. (c) and (d) Experimental determination of the Janssen effect for different material densities for (c) dry case and (d) submerged case (VLL). The
hydrostatic dependence (dashed line) is included in each plot for reference. The plots are normalized with the saturation value M/ for the model

prediction and M, for the experiments.
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sudden saturation caused by the particle size, which the con-
tinuum model does not capture. Nevertheless, based on the
previous section, we can roughly assume that M/ ~ M., and
then normalize our experimental data for the submerged case
with the values of M, obtained from the dry case. The normal-
ized curves are shown in Fig. 4(d). One can notice a dominant
hydrostatic effect when the density of the particles is close to
the density of water. As we increase p, the slope of the linear
region decreases, and a Janssen-like saturation is more evident.
For particles much denser than water (steel spheres), the
Janssen term largely dominates against the hydrostatic con-
tribution, and the saturation becomes similar to the dry case.
Despite the millimetric particle size, our experiments are
qualitatively in remarkable agreement with our expectations
from eqn (8). Notably, the results in Fig. 4(d) show a significant
reverse Janssen effect under submerged conditions. This phe-
nomenon cannot be adequately explained by the continuous
approximation discussed in this study and will be examined in
detail in future work.

3 Case IlI: Buoyant granular column
(p/p < 1)

In addition to examining cases where heavy particles are
submerged in a liquid column, we also investigated the extreme
scenario involving less dense particles than water. These lighter
particles rise through the liquid due to buoyancy and accumu-
late at the water-air interface. This situation raises another
question: can an inverted Janssen-like saturation be observed
in a floating granular column? To explore this low-density
regime, we adapted our experimental setup and the model
described in eqn (8).

3.1 Experimental setup

In these experiments, we used expanded polystyrene beads of
average density p, = 0.021 & 0.002 g cm ™ * and diameter ranging
from 4 to 6 mm. This ultralight material is around 40 times less
dense than water,*>*’ thereby enabling a large buoyant force
when the particles are submerged in water. We modified the
experimental system as shown in Fig. 5 to measure the pressure
at the top of the buoyant column of grains. Two transparent
acrylic tubes of internal diameter D; = 44 mm and 35 cm length
were connected using a 5 mm hydraulic PVC valve and sealed
with silicone. The lower tube was hermetically closed at its
bottom and filled with 6 g of particles through the valve, then
the valve was almost closed to add distilled water until filling
both tubes without allowing the flow of grains from the bottom
to the upper tube. The lower tube works as a particle reservoir,
while the upper tube receives the particles. The valve allows the
flow of particles between the tubes and enables the regulation
of a constant flow rate. In this case, a more accurate digital
force sensor (Mark-10 DFG-355 with a maximum capacity of 1 N
and a resolution of 0.002 N) was placed at the top of the upper
tube, connected to a piston located 1 cm below the water
surface to measure the buoyant force exerted by the grains
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Fig. 5 (a) Sketch and (b) actual picture of the experimental system to
measure the submerged Janssen effect for particles less dense than the
liquid. The main components are: 1. particle reservoir, 2. valve, 3. poly-
styrene beads, 4. piston, 5. digital force sensor, 6. linear actuator.

trying to float towards the water-air interface. The diameter of
the piston is two millimeters smaller than D, leaving a gap of
1 mm that avoids contact between the piston and the sidewall
of the tube and prevents the escape of particles from the
system. In this way, there are no interfacial effects because
the piston and the particles remain completely submerged. The
force sensor is connected to a C-beam linear actuator that
allows for the sensor to be freely raised and lowered, enabling
the removal of the piston, plugging of the tube, and reversal of
the system to recharge and repeat the experiment. To start the
experiment, the sensor is tared to zero. Then, the valve is
opened, and the particles begin to flow upward until they reach
the piston. The sensor records the force exerted by the accu-
mulation of particles at 10 readings per second.

3.2 Results and analysis

Fig. 6(a) shows some snapshots of the upper container during
the filling process. The particles start flowing close to the
sidewall due to the valve’s configuration and exhibit erratic
rising trajectories with oscillations. This phenomenon is similar
to the oscillation modes that appear when air bubbles rise close
to a vertical wall.*® The oscillations promote the homogeneous
accumulation of grains below the piston. We followed the
trajectories of the first particles that rise when the valve is open,
and the paths of five of them are plotted in Fig. 6(b). Due to the
oscillatory motion, the particles reach a velocity ~0.3 m s~ *
(independently of the filling flow rate), considerably smaller
than the terminal velocity predicted by the Stokes law, Vi =
(pp — p)gds>/18 ~ 3.5 m s~ . We estimate the flow rate using
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Fig. 6 (a) Snapshots of the filling process of the silo containing polystyr-
ene beads raising in water. (b) Oscillatory dynamics are revealed by the
trajectories of particles that come out when the valve is opened.

space-time montages built from side-view videos of the dis-
charge (see Fig. 7(a)) where the upper white zone represents
the accumulated particles, and the slope of the inclined region
indicates a constant flow rate @ = M/AT, where AT is the total
time of discharge.

For reference, we first quantified the normal Janssen effect
under dry conditions for polystyrene particles deposited into a
cylinder with D; = 44 mm, using the setup and procedure
described in Section 2. It is important to note that electrostatic
effects were almost suppressed by treating particles and the
container whit an antistatic solution before the experiments.

o ®=0.189¢g/s
o ®=0.3269/s

20 @ =0.480 g/s
0.5 ——Dry case \— Fitting with Eq. (10)
Hydrostatic case| 40*M
0.0 0
0 1 2 3 4 5 6 0 1 2 3 4 5 6
M (g) M (9)

Fig. 7 (a) Spatiotemporal evolution built from side-view videos taken at
250 fps of polystyrene particles rising through water and accumulated
below the piston. (b) Mean stress saturation (obtained from five realiza-
tions) of polystyrene particles in dry conditions. (c) M,,, vs. M of the
submerged Janssen Effect for expanded polystyrene beads, the red
dashed curve indicates the fitting obtained from egn (10), with M, =
1.088 + 0.0018.
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The results illustrating the relationship between M,,, and M are
shown in Fig. 7(b). Indeed, a mass of 6 grams reaches a
saturation value of only 2 grams. Still, an abrupt saturation is
observed in the dry case, as expected for large particles deposited
in narrow tubes.”®*” This saturation occurs (mainly) due to the
relatively intricate structures adopted by this ultralight granular
material. The same particles exhibit a softer Janssen-like satura-
tion in considerably larger setups, as previously demonstrated
using cylindrical containers with a diameter of 45 cm and a
height of 3 m (ref. 46 and 47. In such large systems, the reverse
Janssen effect was not observed.

In contrast, the saturation is softer despite the narrow tube
when the same granular sample is analyzed under submerged
conditions. Fig. 7(c) illustrates the force exerted by the particles
on the piston, represented as the apparent mass M,;, measured
by the sensor to the added mass of particles M, for three
different flow rates. It is evident that the apparent mass
increases smoothly until it reaches a certain saturation level
and, notably, it is independent of the value of (®). Considering
the buoyant force (F, = pigVais), and since all particles remain
submerged, we have (Vgis = M/py,). Therefore, the buoyant force

can be expressed as (Fy, = (pp') Mg), which leads us to con-

p
clude that the effective mass supplied to the container will be

p
dashed straight line in Fig. 7(c). Thus, when 6 g of particles
accumulate below the piston, the expected measured mass due
to the buoyant force would be (40M = 240 g) in an uncon-
strained system. However, in the experiments, the apparent
mass reaches a saturation value ~72 g, i.e., only 12 times the
actual mass of material. This suggests a buoyancy-driven Jans-
sen effect in the floating granular column. Still, the container
walls bear the buoyant stress rather than supporting the weight
of the particles in this case.

We can use the eqn (8) to fit the experimental data, but in
this situation, we suppress the linear term because the weight
of the water column does not contribute to the force sensor
reading. Moreover, we must invert the reference system
because z = 0 is now at the bottom of the buoyant granular
column. Thus, the equation describing the submerged case for
particles less dense than water is:

M. =M (1 _e—(oc—l)M/M;C>
oo b

(My = (%)M = oM ~ 40M), which is represented by the

where M! = (o — 1)2'An'p. The red solid line in Fig. 7(c) repre-
sents the fitting curve of the average of 15 experiments (five per
each value of @). From the fit, one obtains M/ = 73.4 gand o =
41.3 % 0.1, very similar to the values found in the experiments
(M.~ 72 g and a = 40), corroborating that eqn (10) satisfies
the limiting cases M, ,, = oM when M < M, and M, = M,
for large values of M.

The fact that the saturation in the submerged system is
softer and better described by the continuum Janssen model
than in the dry system (for the same particle size and tube

This journal is © The Royal Society of Chemistry 2025
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diameter) reflects that the force chains are more stable against
perturbations underwater, and that the floating granular col-
umn is more homogeneous. This occurs because the buoyancy
force is significantly greater than the weight of the particles and
can even slightly deform the expanded polystyrene beads,
thereby strengthening the force chains. Note that the saturation
curves in the submerged case are always below the dashed
straight line and the effects of the narrow container are not
detected (see Fig. 7(c)), in contrast to the dry case where My, >
M in some interval before saturation (see Fig. 7(b)). We can
hypothesize that, in the dry case, the collisions of incoming
particles aid in the mobilization of the accumulated material,
generating compressive frictional forces by the walls acting on
the particles, that according to previous studies*®*” give rise to
the reverse Janssen effect. This particle rearrangement is not
possible when the buoyant forces are considerably dominant in
floating columns, or for the higher densities in Fig. 4(c).
A model that accounts for the effect of the interstitial liquid
could be developed, starting from the approach recently intro-
duced to explain the reverse Janssen effect for dry columns.?’

4 Conclusions

We have experimentally investigated the Janssen effect in
granular columns submerged in a liquid. Our findings demon-
strate that the apparent weight of the column at the base of the
container can be accurately described by a smooth saturation
similar to the classical Janssen effect. When the liquid level is
kept constant, the gradual evolution of stress at the bottom of
the silo provides direct evidence of this effect. Conversely, when
particles are added while maintaining the liquid volume, the
free surface rises, and the stress at the bottom increases
accordingly. The comparison between both evolutions confirms
that as a first-order approximation, the lineal combination
between granular and hydrostatic stresses adequately describes
the stress exerted by the material at the silo base. Accordingly,
we develop a continuous differential approach to derive the
vertical stress at the bottom of the container, taking into
account buoyant forces along with a linear hydrostatic term
due to the liquid displaced by the added particles. Our model
predicts the influence of the liquid-to-particle density ratio
(pi/pp) on stress evolution, which we validated using particles
of different densities. For (pi/p, « 1), the saturation effect is
predominant; however, as p)/p, approaches 1, the hydrostatic
pressure becomes increasingly significant.

Importantly, our experimental results highlight the critical
scale x introduced by Janssen, which accounts for the stress
redirection effects observed. This scale is related to particle
deposition, suggesting that its variation is connected to deposi-
tion dynamics. Hence, as the liquid environment determines
the final particle arrangement responsible through its contact
network of the stress redirection accounted by «, the particle
resulting configuration sets the typical spatial scale at which
stress saturates. This scale increases by a factor of three in the
experimental conditions explored in this work. We further
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explore this hypothesis by examining the extreme case where
the particle density is lower than the surrounding liquid’s
(p/pp > 1). Even with this floating granular column, we observe
a buoyant-Janssen-like saturation. This saturation aligns with the
model introduced in eqn (8). Remarkably, Janssen dynamics do
not adequately describe the vertical stress saturation for these
lighter beads in a dry state. However, when a buoyant force drains
the beads, a buoyant-Janssen-like saturation can effectively
describe the stress acting on the top surface. This observation
has significant implications for dispersion transport processes,
similar to those explored in ref. 49, where an ensemble of
suspended particles are pushed through a constriction.’® In a
nutshell, our study highlights the various facets of pressure
saturation in submerged granular media: (i) the Janssen effect
(analogous to the dry case) with a strong dependence on the
liquid-grain density ratio; (ii) the reverse Janssen effect in
immersed columns; and (iii) a buoyancy-driven Janssen effect.
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