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A modified Rittinger model for the grinding of wet granular material
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e The grinding of quartz sand was performed in a vibratory ball mill across the full range of water contents, from dry to
saturated samples.

e The grinding rate shows a strong correlation with the Carr index, which measures the densification capacity of a granular
bed.

e A modified Rittinger model, incorporating water content through the evolution of the Carr index, was proposed.
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Grinding is a fundamental process widely used across various industrial sectors. Although often
considered merely a pre-treatment step, it remains poorly studied from a fundamental perspective-
especially when accounting for the presence of water or humidity. In particular, the relationship
between grinding parameters and size reduction efficiency remains a critical bottleneck in optimizing
this highly energy-intensive operation. The water content of the raw material to be ground is often a
poorly controlled factor, yet it strongly influences grinding efficiency. This can be due to lubrication

forces and capillary cohesion, which leads to the formation of aggregates that are more difficult to
grind. This paper presents an original approach to link the particle aggregation capacity with the
grinding rate. This aggregation, which limits the energy available for effective grinding, was estimated
using the Carr index. A modified Rittinger law that relates the specific surface area created to the
energy transmitted by the grinding media, incorporating the influence of water content is proposed.
This model provides new guidelines for achieving more efficient comminution.

1. Introduction

Commonly used across many industrial sectors, grinding
is a highly energy-intensive operation [1, 2]. In the mining
industry, for instance, electricity consumption related to
grinding has recently been estimated to account for approx-
imately 1 % of global energy use [3]. The development of
particle size reduction technologies (comminution), which
dates back to antiquity, remains an incremental and ongoing
process. From an operational standpoint, this development
primarily aims to achieve two key objectives: to reach a
target particle size distribution [4] and to maximize en-
ergy efficiency [5]. These objectives are difficult to achieve
without accounting for the wide diversity of feed materials,
which over time has led to the emergence of a broad range
of milling technologies. Indeed, the fundamental mecha-
nisms governing comminution processes can only be fully
understood by integrating the complex relationships between
process geometry, operating conditions, and the intrinsic
properties of the material being ground.

Among these technologies, grinding media mills, such
as ball mills, stirred mills, and vibratory mills, are widely
used across various industrial sectors, including the food,
pharmaceutical, recycling, and mining industries. They offer
high operational flexibility and can process a wide range of
raw materials, enabling tunable particle size reduction by
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adjusting grinding time [6, 7]. The evolution of particle pop-
ulations in grinding media mills results from the complex dy-
namics of force transmission within the process, propagating
from the system’s boundary conditions through the grinding
media to the particles. At the particle scale, size reduction
occurs through mechanical stresses generated by interactions
such as impacts, contacts, and friction between grinding
bodies, particles, and mill walls. Mechanically, fragmenta-
tion occurs when the energy transmitted to a particle exceeds
its fracture toughness. The heterogeneous transmission of
stress within the mill induces various comminution mech-
anisms, which can coexist in varying proportions, such as
abrasion, cleavage, and shattering [8]. Nevertheless, despite
their popularity and ease of use, making them essential tools
in industry, grinding media mills suffer from low grinding
efficiency [9], with energy losses (i.e., energy not used for
comminution) accounting for up to 99 % of the total energy
supplied to the mill Lowrison [10].

From a fundamental perspective, research has focused on
describing the evolution of particle size distributions dur-
ing grinding using population balance models [11]. In this
context, recent discrete element method (DEM) simulations
have demonstrated the feasibility of establishing population
balances for simple breakable particles [ 12]. Such studies are
particularly valuable for establishing a direct link between
the micromechanics of particle breakage and the macro-
scopic process of comminution. While providing detailed
insight into particle size evolution, population balance ap-
proaches often rely on the identification of numerous param-
eters, which can be difficult to determine experimentally. An
alternative, more phenomenological approach involves the
use of comminution models, which describe the evolution
of particle size (e.g., D50) or specific surface area as a
function of input energy. Among the most widely used are
the Rittinger, Bond, and Kick laws, which have shown broad
applicability across a range of materials and processes [13].
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In the grinding of natural materials (e.g., ores, plant
biomass), poor repeatability is often attributed to the intrin-
sic variability of the raw materials themselves. This variabil-
ity is generally seen as an obstacle to the development of
generic models. However, it is rarely attributed to external
environmental factors such as the presence of water, despite
water being more easily quantifiable. Yet water has a strong
influence on the rheological behavior of powders, especially
when present in small amounts where it forms capillary
bridges between particles [14]. Moreover, the presence of
water in raw materials is very common, particularly due to
the high cost of drying operations. Although dry grinding
[15, 16] and fully wet grinding [1] are well documented
in the literature, to the best of our knowledge, intermedi-
ate water contents have been poorly studied. Furthermore,
there is growing interest across various industrial sectors
in grinding under unsaturated conditions, for example, in
bioenergy production for co-treatment processes [17] or in
the cement industry for clay grinding [18]. The state of
water in a granular medium strongly depends on the particle
size distribution and surface properties, which affect wetting
angles and water sorption. In porous media such as plant
biomass, water may also be present inside the particles in
various forms, from free to structurally bound water. In
this triphasic system, several water retention regimes are
commonly defined qualitatively: hygroscopic (adsorption
of water molecules), pendular (capillary bridges), funicular
(formation of water clusters), and capillary (near saturation)
[19, 20, 21]. Experimentally, it has been shown across
different scientific disciplines, such as chemistry, civil en-
gineering, and mechanics, that internal cohesion exhibits a
non-linear relationship with water content [22]. However,
understanding the micromechanical origins of the rheology
of granular materials across the full range of water contents
remains a very active research area in physics [23].

In this paper, the relationship between water content and
particle size reduction is examined from a phenomenological
perspective. Although the methodology developed here is
applicable to a wide range of raw materials, quartz sand was
selected as a model material to minimize absorption effects
and chemical surface interactions, which can be significant
in organic materials. This choice allows to isolate the effects
of capillary bonding between water and particles while
avoiding confounding factors such as swelling, absorption,
water release during grinding, or increased cohesion due
to hydrogen bonding between water molecules and polar
groups on the feedstock surface. Through vibratory densifi-
cation tests, the intensity of capillary forces, responsible for
generating a negative pressure that holds particles together,
is quantified under dynamic conditions and across the full
range of water contents. This capillary effect, which limits
the transmission of forces and consequently reduces the
efficiency of comminution, is non-linear with respect to the
water content and reaches a minimum at the point of max-
imum densification. Using the analytical expression of the
mechanical energy transmitted to the powder by the grinding
medium proposed by Blanc et al. [24], a linear relationship

is observed between the comminution rate and this energy
for each water content. Finally, analysis of the relationship
between the comminution rate and the densification index
makes it possible to propose a general model that extends
Rittinger’s comminution law over the entire range of water
contents, from dry to saturated conditions.

2. Materials and Methods

To characterize the cohesive state of the wet granu-
lar material, a three-step methodology is employed : (1)
pycnometer tests to determine the water content range of
a densely packed sand sample, (2) vibratory densification
tests, and (3) grinding experiments across a wide range of
water contents.

2.1. Raw material

The sand used for this study is a pre-calibrated quartz
sand, sieved between 400pm and 800um, from Hofer
Chemie GmbH®, DE. The median particle size (d50) of the
initial feedstock was measured by laser diffraction using a
Beckman and Coulter® LS 13320 XR, USA wet way (see
section 2.5) with a value d50 = 700 um.

The packing properties of the raw material are also
characterized using a vibratory densimeter (Autotap,
Quantachrome®, USA). The dry tapped density p was
determined as the maximum density achieved after applying
a sufficient number of taps to reach a steady state in the
sample’s volume. This characteristic value was reached
after approximately 2000 taps. All measurements have been
done in triplicate for sample mass of 100g and found an
average value of p ~ 1612kg/m>.

The intrinsic density p* was determined, from three
measurements, with a nitrogen pycnometer AccuPyc II
(Micromeritics®, USA) leading to p* ~ 2650kg/m>. This
value is typical of quartz material.

2.2. Sample preparation at different water content

To cover the full range of possible water contents, It
is necessary to define a scale of water masses to be added
to a fixed mass of grains. This first requires calculating
the maximum quantity of water that can be added without
leaving excess water on the surface of the sample.

Following the classical framework of soil mechanics
[25], the maximum saturation state is calculated from the
dry dense packing configuration of the raw material. In this
specific case, the sample is only composed of two phases: air
and particles. The total volume of the sample (V') is defined
as V = V, + V,, where V; is the solid volume and V,, is
the void volume. The total volume can also be expressed as
V = my/p, and the solid volume as V, = m,/p*, where m,
is the mass of the solid. The void volume inside the granular
packing is thus

*
m, m m -
V,= -5 _j = S(I)—*p) €h)
PP pp
In the following, the assumption that water is homoge-
neously distributed in the pore space is made. The mass
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of water to add to the sample in order to reach a targeted
complete saturation is V,, = V,.

A value of water content at saturation W, = 0.26 (i.e.,
26 %) was found for a sample in a dense state. This value will
be used in the following to calculate a dimensionless water
content:

@

which evolves from 0% in the dry case to 100% for a
theoretical saturated sample.

2.3. Drying Kinetics

For a moist granular material, monitoring water evap-
oration over time reveals different wetting regimes. In this
paper, drying kinetics were carried out using an infrared
scale [26] (XM60, Precisa®, FR). Three heating tempera-
tures were preliminary tested (80°C, 90°C, and 130°C), all
revealing the same characteristic transitions. Therefore, the
choice was made to perform all subsequent tests under the
boiling point of water at 80°C.

A sample was prepared by mixing the 3 g of sand grains
with an amount of water to achieve a target apparent water
content W, of 100 %. The sample was then dried in the
infrared scale, and the mass was recorded every 30 seconds.
The water content was calculated from the mass loss over
time. The measurements were performed in triplicate, show-
ing good repeatability.

2.4. Assessment of the Carr index

The cohesion state of a powder depends on the wet-
ting regime of the granular material. Specifically, binary
capillary bridges or water clusters that link more than two
particles create interactions between water and sand grains.
This occurs due to the combined effect of the negative
Laplace pressure within the liquid and the surface tension.
This phenomenon can lead to significant material cohesion,
which varies non-linearly with water content [27, 14, 28].

In soil mechanics, cohesion is typically quantified using
quasi-static triaxial or shear tests, which assess material
strength as a function of confining pressure. However, these
methods are often complex, time-consuming, and not well
suited for capturing capillary forces — especially in granular
systems with coarse particles. Moreover, in powder technol-
ogy, the emphasis is generally placed on dynamic behavior
and flowability rather than the rheology under high confining
pressure or static stress conditions.

For these reasons, some researchers have proposed vi-
bratory densification tests as a rapid method to quantify pow-
der cohesion [29]. One such approach involves determining
the Carr index [30], originally developed for characterizing
the flowability of dry powders [31, 32, 33]. It is defined as

Vi-Vy
Vi

Ic = 3
where V; and V are respectively the initial and final volume
of the sample. The effect of water content W, is considered
and thus the Carr index I depends on it: I-(W).

A normalized version of the Carr Index is considered,
using the dry Igry = I(0%) and maximum [ cases as
references:

d
I= TeW) —I1c”

max __ dry
IC IC

“

In this paper, Carr index was determined for all water
content (in triplicate), by monitoring the volume change
of the powder under vibration. A Briiel and Kjaer® (DK)
vibratory pot is used. It is driven by a sound signal generated
from a laptop and amplified to operate the system (Figure 1).
This setup provides full control over the vibration frequency,
amplitude, and shaking duration. In practice, preliminary
tests were performed to identify the optimal parameters for
achieving a steady-state packing condition across all water
contents: frequency f = 20 Hz, amplitude A = 1 mm, and
shaking time ¢ = 4 min.

]
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Figure 1: Experimental setup for vibratory densification

with its signal generator, amplification source and vibration
actuator.

2.5. Grinding process and particle size
measurement

The grinding process was conducted in a MM400 vi-
bratory ball mill with two milling chambers (Retsch®, DE),
illustrated in Figure 2. The grinding frequency was fixed
at 25 Hz. This will allow to compare our results to those
obtained by Blanc et al (2020) [24] who performed grinding
tests with the same setup (one 20mm stainless steel ball) in
dry conditions. Water was added to 13.7 g of quartz sand
to reach the appropriate W,. Water and sand were mixed
and then introduced in the grinding chamber. For each water
content and grinding times (0.5 min, 1 min, 2 min, 3 min and
5 min), a small amount of ground powder was sampled to
measure the particle size distribution. The grinding times
was chosen to be sufficiently low to follow the Rittinger com-
minution law which corresponds to a linear evolution (fast-
rate grinding) of the created specific surface as a function
time.

The efficiency of the milling process was evaluated by
monitoring the evolution of particle size over time using
a laser diffraction analyzer (LS 13320 XR, Beckman and
Coulter®), based on Mie theory [34, 35].
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less pronounced than in Zone 1. This regime is indicative of
the pendular and hygroscopic regimes which correspond
to low water contents, ranging from the situation where
isolated capillary bridges form at particle contacts to that
where water is only adsorbed on surface asperities. The
significant interactions between water and particles in this
regime increase the difficulty of removing the remaining
moisture.

Particles

Horizontal vibration

Figure 2: Scheme of vibratory ball mill chamber with the
grinding ball and sand particles.

The particle size of sand sampled from each grinding
chamber was measured separately, and the resulting parti-
cle size distributions were averaged for each experimental
condition. To characterize the grinding, two key indicators
were used : the median diameter D5 and the specific surface
area S, calculated as:

s 1 3a; )
S p* - Rl'

where p* is the intrinsic density of the powder, o; is the

volumetric fraction of particle size class i, and R; is the

median radius of class i.

3. Experimental results

This section presents the experimental results on the
evaluation of densification as a function of water content,
and its impact on the efficiency of particle size reduction.

3.1. Determination of water regimes

Figure 3 (Top) shows the drying kinetics obtained using
an infrared scale, following the protocol described in section
2.3. In Figure 3 (Bottom), the drying rate D, = —dW,/dt
is plotted as a function of the relative water content W,. It
highlights three distinct zones that qualitatively correspond
to drying regimes.

Zone 1, which corresponds to W, starting from 100 %
down to 50 %, exhibits a high drying rate that stabilizes
rapidly at approximately Dr =~ 7 %/min. This phase can
be characterized as the free water regime, where water
is weakly attached to the particles and exposes a large
exchange interface on the surface of the wet sand sample.
Nevertheless, during evaporation, water within the granular
bed undergoes reorganization, gradually resulting in the
formation of capillary structures.

Zone II, which manifests as a plateau between 10 % and
50 % W,, is assumed to correspond to the capillary regime.
In this regime, water aggregates into interparticle clusters,
and the water-particle interactions are sufficiently strong to
significantly slow down the evaporation rate.

Zone 111, observed for relative water content below 10 %,
demonstrates a further decrease in drying velocity, though

1001 -

Sample 1
®: = Sample 2
80 * e Sample 3
L 60y () ‘.,
S ‘.,
20 (1) 04
oL
0 2 4 6 8 10 12 14 16
t (min)
25
) ) (1)
20 L
15 -
1S -
0\0 -
~10 2
Q e 8 .000““'
5 @
0 r’
1071 100 10! 107
W, (%)

Figure 3: (Top) Drying kinetics (Bottom) Derivative rate
evolution

3.2. Vibratory densification

In soil mechanics, soil densification is studied to un-
derstand the role of water in the compaction capability of
surface soil layers. The so-called Proctor test [36, 37, 38]
describes the dry density as a function of water content under
a standardized compaction energy. This experiment provides
the Optimum Proctor, defined as the water content at which
the highest dry density is achieved for a given compaction
energy. Following this approach, a slightly different method-
ology was proposed, based on the Carr index measurement,
to identify the optimum densification of granular beds across
arange of water contents, from dry to fully saturated condi-
tions.

Figure 4 shows the evolution of I as a function of W,
for the raw material. A second-order polynomial fit was
proposed as follows:

I=WyaxW,+b) ©)

where ¢ = —3.5.10™%, b = 3.8.1072 (R?® = 0.99). For
low water contents (W, = 0% to 40 %), an increase in
I is observed. This can be attributed to the overgrowth of
the powder bed, as experimentally observed, resulting in a
greater bulk volume before compaction. This is followed by
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Figure 4: I as a function of relative water content W,. The
dotted curve is parabolic fit used as a guide to the eyes.

a decrease in I. At W, = 40 %, aggregate formation occurs
due to strong capillary interactions and a sufficient amount
of water to generate tough cohesive aggregates [39]. These
aggregates behave similarly to larger particles, producing a
more aerated granular structure during the densification test,
which results in the highest I.

Beyond W, = 40 % (corresponding to W = 10.4 %),
a reduction in the number of aggregates and the onset of
fluidization phenomena within the sample lead to a decline
in I. Interestingly, very similar values can been found in the
literature for the Proctor optimum for sand. For example,
[40] and [41] found 10.3% and 11.1%, respectively for two
similar sands in terms of particle size distribution.

3.3. Grinding efficiency

The presence of water significantly impacts particle size
reduction during milling. Figure 5 (Top) shows the evolution
of the cumulative particle size distribution for different water
contents W, after 1 minute of grinding, along with the
milling kinetics for dry sand over grinding times ranging
from 30 seconds to 5 minutes (Bottom). As shown in Figure
5 (Top), increasing the water content from W, = 0%
to W, = 40% shifts the grading curves toward coarser
particles, indicating reduced comminution efficiency. For
W, values above 40 %, this trend reverses, and the curves
tend to resemble those of the dry case.

To better illustrate this behavior, Figure 6 presents the
evolution of the median particle diameter, D5, as a function
of water content for different grinding times. From W, = 0%
to W, = 40 %, D5 clearly increases, reaching a peak around
40 % before decreasing as W, approaches 100 %.

It is also noteworthy that the difference in milling effi-
ciency between the dry (or saturated) and the least efficient
(for W, = 40 %) conditions is reduced by a factor of 8
as grinding time increases. This indicates that while water
in the unsaturated state initially hinders milling efficiency
(requiring four times longer to achieve the same Dsq as in
the dry case at W, = 40 %), over time, the D5, values for all
water contents tend to converge.

100
W, =
W,=10% _ :
80 W, = 20% t=1min
— W,=40%
S 60 — w,=60%
o — W,=80%
S 401 — W.=100%
20
0 no N1 N2 n3
10 10 10 10
Particle diameter (um)
100
30s
80 1min
2min
3min
S 60 5min
'
8 40
20
0 0 1 2 3
10 10 10 10

Particle diameter (um)

Figure 5: Particle size distributions (PSD). (Top) Evolution
of cumulated volume fraction (CVF) for W, at 1 min grinding
time. (Bottom) Grinding kinetic: time evolution of the PSD
for dry sand.
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Figure 6: Evolution of Dy, as a function of W, for different
grinding times.

4. Comminution model

Various comminution laws have been proposed to de-
scribe particle size reduction in granular media [13]. Among
the most well-known are the Bond, Kick, and Rittinger mod-
els. These laws provide effective modeling of specific sur-
face area generation as a function of grinding energy in the
case of dry granular materials. In this paper, an adaptation of
the Rittinger model that accounts for the presence of water
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within the feedstock is proposed. The study focus on short
grinding times, during which the evolution of the specific
surface area S with respect to energy remains approximately
linear, allowing to define a constant grinding rate.

4.1. Grinding energy for dry sand

By assuming that the ball-chamber impact occurs with-
out dissipation at maximal velocity for both the ball and
the chamber. This corresponds to a reference impact energy
of 8m,(Ax f)?, where m,, is the mass of the ball, A is the
amplitude of oscillation of the grinding chamber, and f
is the oscillation frequency of the chamber. The specific
grinding energy E,, corresponds thus to this specific impact
energy divided by the dry mass of the feedstock M, and
multiplied by the number of impacts ft during the grinding
time ¢. Hence, as proposed by Blanc et al. [24], the specific
grinding energy induced by the ball in the vibratory ball mill
(MM400) reads:

2
16 my(Ax)" 13
5= 2mlAe T )

B M=13g, f=15Hz —
IR M=20g, f=20Hz
W M=13g, f=20Hz B M=13g, f=25Hz
400 -
cn w i
- g
N
E . - .
| "
U) 200 | . '44v-
q ||
- -
0im | ' ' ' '
0 10 20 30 40 . |
Em (kjm_z)

Figure 7: Evolution of the gain in specific surface AS = .5 -5,
with respect to the specific grinding energy for dry sand; data
from Blanc et al. [24]. The dotted line is a linear regression
where the slope is the Rittinger constant 7, = AS/E,,.

Figure 7 presents data from Blanc et al. [24], illustrating
the linear relationship between the gain in specific surface
per unit mass of feedstock, denoted as A.S, and the specific
grinding energy, E,,. This relationship has been examined
across various feedstock quantities and frequencies. The
data aligns with the Rittinger model, which is particularly
applicable during the initial phase of fine comminution, and
can be expressed by the relation:

AS = ,E, ®)
where the Rittinger constant 7, is approximately 6 m2kJ !,

4.2. Wet grinding model
This section is now focused on assessing the impact
of incorporating water into the granular material prior to

grinding. For comparison, It was decided to use process
settings similar to those in one of the test series mentioned
by Blanc et al. [24]: mj, = 32.7g, A = 7.20 + 0.05 mm, and
f =25Hz.

Figure 8 illustrates the evolution of the specific surface,
similar to Figure 7, but with varying values of W,. Only the
initial linear portion is displayed.

A distinct impact of water content is evident from the
variations in slope for different water levels, indicating that
the Rittinger constant is influenced by W,.

The presence of water introduces several forces at the
contact level, including capillary and viscosity. These forces
can hinder energy transfer and, as a result, decrease the
effectiveness of the milling process.

600 1 W, = 0% m W,=60%
W,=10% m W,=80%
500 W, =20% m W,=100%
m W,=40% z
=
! 400 -
(o))
~
NE 300 -
N—
W 200
<
100
0 .
0 10 20 30 40 50 60 70
Em (KJ.kg™)

Figure 8: Evolution of AS according to E,, for different W,.

Therefore, the relationship between grinding efficiency
and the alteration of the sand state caused by the presence of
water needs to be explored. Since the normalized Carr index
I can be measured through simple experiments, it appears
to be a reliable indicator of the sand state. To verify this,
against the grinding rate AS/E,, is plotted in Figure 9. A
fairly clear linear decrease in I is observed, suggesting that
it is related to the initial grinding efficiency.

1.04

0.8 1

0.6

0.4 1

0.2

0.0 e

T T T

5 6 7 8 9
AS/Ep, (m2.kJ~1)

Figure 9: Correlation between the relative Carr index I for
wet sand and the grinding efficiency expressed as the Rittinger
constant AS/E,, as it is defined for dry sand.
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Starting from this observation, this paper proposed a
modified Rittinger model that takes into account the pres-
ence of water. First, the expression of the specific grinding
energy, initially proposed by [24] for the dry case needs to
be adjusted, to apply to the wet case.

Adding water to the feedstock means the total mass M
is the sum of the mass of sand and the mass of water. Given
the definition of water content W' = myor/Mgunq and the
relative water content W, = W /W,_,,, the mass of the
feedstock in the wet case is expressed as:

M = mgq(1 + W, Wihao) 9

In wet conditions, the specific grinding energy is ex-
pressed as:

2
. 16 my(Ax)” f3
E, (W, 1) = oldr) /7, (10)
msand(1 + Wanax)

() (m2.kj-2)

0.0 0.2 0.4 0.6 0.8 1.0

Figure 10: Evolution of z(I) as function of I

The grinding efficiency can thus be calculated as a
function of I:

a5 (11)

m

(l) =

Figure 10 illustrates the evolution of = with respect to I.

Given the measurement tolerances, an affine relationship
effectively captures the relationship between 7 and I, which
can be fitted as follows:

=y I+7° (12)

with y = —=3.6m?kJ ™! and % = 9 m2kJ .

By combining Equations (10) and (12) in the modified
Rittinger model AS = z( )Em, the predicted gain in specific
surface AS, under wet conditions can be expressed using the
following adapted relation:

AS,=(x 1+ E, (13)

Figure 11 shows a comparison between the measured
and predicted gains in specific surface across different wa-
ter contents. The close clustering of data points along the
line AS = AS, highlights the strong agreement between
experiment and model prediction given in Equation (13).
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W, =0% (Blanc et al)
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Figure 11: Comparison of predicted (AS,) versus measured
(AS) gains in specific surface when grinding wet sand.

5. Conclusion and perspectives

The primary conclusion of this study is highly relevant
to grinding processes involving wet feedstock. It is observed
that grinding efficiency decreases almost linearly as the
Carr Index increases. However, the Carr Index reaches its
maximum at a relative water content of approximately 40%.
It decreases both when the water content is reduced (drying)
and when it is increased (by adding water). Therefore, to im-
prove the grinding performance of an initially wet feedstock,
adding water, rather than drying the material, may offer a
simpler and more energy-efficient solution.

Several studies in the literature have examined the ef-
fect of water content on the strength of granular media
through both experimental and numerical investigations [27,
42, 28]. Indeed, the presence of water clustering within
a granular material generates capillary forces that “glue”
particles together. These capillary forces induce cohesion at
the macroscale, which varies as a function of water content.
Interestingly, it has been shown in the literature that this
cohesion reaches a maximum value for an intermediate water
content ranging between 5% and 15%. In this article, the
affinity of water molecules for binding to the porous surface
of the sand bed was qualitatively demonstrated through the
study of drying kinetics (Figure 3). Starting from a fully
saturated sample, it was shown that the evaporation rate
drops sharply before reaching a plateau at approximately
W, =~ 40%. This value marks the transition between two
regimes: the first, where water is free and present in excess,
and the second, where liquid and gas phases coexist in
significant proportions. In this domain, clusters of water tend
to promote particle aggregation. For W, < 5%, capillary and
hygroscopic interactions dominate; however, due to the very
low water content, the resulting aggregates are weak and
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short-lived. The choice of an indicator is required to charac-
terize grinding efficiency in the presence of water. However,
this investigation was motivated by two key considerations:

e Drying kinetics alone are insufficient to fully capture
the cohesive forces driving aggregation. The spatial
distribution of the liquid phase, particularly the for-
mation of clusters, plays a critical role in cohesion, as
demonstrated by [28, 43, 44].

e The cohesion measured using a rheometer (FT4 or
Schulze [e.g., 45, 46]) or a shear device (Casagrande
or Jenike cell [e.g., 47, 48]) does not reflect dynamic
behavior, but rather represents a steady state or quasi-
static shear resistance measured at zero confinement
pressure.

Consequently, in this work, the Carr index was selected as an
indicator of grinding efficiency, and the relationship between
the Carr index and the comminution rate over the entire
range of water content was examined.

Indeed, the Carr index represents the densification capa-
bility of a granular sample subjected to vertical vibration.
At approximately W, ~ 40% , the loosest samples were ob-
served, composed of large plastic aggregates due to efficient
capillary cohesion. In this case, relative compaction under
vibration is highest, leading to the maximum value of the
Carr index.

Interestingly, It was shown that the water content corre-
sponding to this maximum Carr index is associated with less
efficient comminution. Indeed, the continuous formation and
breakage of aggregates during the grinding process tends
to limit the overall energy available for breaking individual
particles (Figure 6).

Consequently, a higher Ds; is observed for all milling
times at a water content W, of 40%. Interestingly, beyond
this point of maximum densification, the comminution ef-
ficiency steadily improves, and the particle size reduction
eventually becomes comparable to that of the dry case at
W, = 100%

A model has been proposed to capture this trend, build-
ing on previous work that describes the dry case (Blanc et
al.). This model relates the creation of specific surface area to
grinding energy through a linear correlation, incorporating
the densification state via two simple input parameters: the
amount of added water and the Carr index. The agreement
between experimental and predicted data is very good for
relatively short milling times, where the grinding kinetics
(specific surface area as a function of cumulative grinding
energy) remain linear.

At longer grinding times, the grinding kinetics tend to
level off due to the increasing influence of cohesive forces.
This comminution regime, which has been little studied due
to its low efficiency, remains of interest for applications
requiring ultra-fine milling. It will be examined in detail in
future work. Greater accuracy can be achieved by adjusting
the Carr index throughout the grinding process.

Additionally, other forces, such as lubrication forces,
may influence particle size reduction at longer grinding

times. The relative impact of lubrication compared to cap-
illary and contact forces could be assessed using Discrete
Element Method (DEM) simulations.

Finally, the methodology proposed in this paper will be
applied to a broad range of feedstocks, including organic
materials for which sorption phenomena play a significant
role. One target material is plant biomass, composed of cell
walls that are highly sensitive to moisture and are typically
processed using semi-wet grinding methods, particularly in
biofuel applications.
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