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This work focuses on the influence of the relative humidity (essentially due to atmospheric conditions) on the
many granular media behaviours. To this end, the experimental evolution of the avalanche characteristic angles
of continually tilted granular packing was studied for a wide range of relative humidities in very well controlled
conditions (between 5 and90%). The stability anglesweremeasured for fully developed avalanches. The relation-
ship between the relative humidity (ϕ) and cohesion of granular media (directly related to cohesion forces
between grains) was then established to identify the different cohesive states of a wet granular medium using
a reliable and reproducible testing methodology. Finally, a relationship between the hygroscopic equilibrium
time and the stability of the granular packing is discussed.

© 2015 Elsevier B.V. All rights reserved.
1. Introduction

Many industrial applications that handle grains are frequently car-
ried out under uncontrolled and variable relative humidity conditions.
The environmental conditions during manipulation, storage, and trans-
portation of granular materials can drastically modify their behaviour
due to the large fluctuations in the humidity of the environment,
which may affect the reproducibility of the results. Southern Brazil,
Paraguay, and the Río de la Plata region (Argentina and Uruguay) have
a humid subtropical climate, which generally consists of hot humid
summers and mild to cool winters.

Despite the systematic dampness in most of practical applications of
granular media, few studies have examined “wet” grains; most works
are related to the liquid water content between the grains and not the
effect of the relative humidity, such as that due to condensation. The rel-
ative humidity of humid air, represented by ϕ, is defined as the ratio of
the partial pressure of water vapour in themixture to the saturation va-
pour pressure at a given temperature and is normally expressed as a
percentage. In fact, studies carried out at ϕ = 30 or 40% (usually called
“dry” granularmaterials) cannot describe the behaviour of real handling
or storage conditions, which range from ϕ = 70% to 100%. In previous
works [1–5], the influence of the relative humidity and its relationship
with the forces that interact between the particles have been studied
to show that this parameter can produce a crucial change in quasi-
static granular media [6].
iaran).
In this paper, we recall the storage of moisture in porous media and
wet granular avalanches. We then describe our experimental setup and
the technique to control the surrounding ϕ. Finally, we show the exper-
imentally measured critical angles of avalanches and the influence on ϕ
to identify the characteristic regimes as a function of different cohesive
states. Critical angles,measured respect to the horizontal, correspond to
themaximum angle of stability (i.e., the angle at which the avalanche is
produced) and the repose angle, i.e., the angle formed when the
avalanche has stopped. The results of tests and measurements are
shown to identify the variables that influence the behaviour of wet
granular media. Main conclusions are outlined.

2. State of art

Some authors [2,5,7] have studied the relationship between cohe-
sion and the adhesion forces between grains in a pile when a meniscus
is created between grains. These studies have established that themax-
imum angle of stability varies exponentially with the conditioning time
(waiting time in the original reference) of the packing.

However, the measurements were only performed up to ϕ = 45%
and did not include the range over which the influence on the stability
and cohesion of the granular medium is expected to be important.

Other authors [8,9] have studied piles of granular materials that
were previously moistened with liquid water, and this moisture was
characterized by the “volume fraction of fluid”. In [9,10], the authors
noted that the depth of the avalanche plane and the angle of repose pos-
itively correlate with themoisture content up to amaximum saturation
value, which depends on the size of the grain.
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Fig. 1. Schematic of a) the mono-molecular adsorption regime, b) the multi-molecular
adsorption regime and c) the capillary condensation regime.
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The main drawback of this method is that the water is not necessar-
ily homogeneously distributed. The rigorous control of ϕ and hygro-
scopic equilibrium time is necessary to avoid this inhomogeneity and
achieve a uniform distribution of the moisture content in the granular
mediumat a given hygroscopic and cohesive state. In [11]wehave stud-
ied the moisture storage mechanism in porous materials and we have
found that the size of the voids between grains is similar to the size of
the pores of typical porous materials.

Fraysse et al. [12] have carefully controlled ϕ by injecting water
vapour in a rotating drum that contained the granular medium. Thus,
the control parameter to quantify themoisture content was the relative
vapour pressure (Pv / Psat, where Pv: vapour pressure and Psat: saturated
pressure), i.e., the relative humidity. They stated that the angle of repose
slightly decreased and the angle of maximum stability increased when
the moisture content was increased.

The disadvantage of this control technique is its dependence on the
injection rate ofwater vapour into the drum,which increases the uncer-
tainty associated with large deviations in the values of Pv.

In Mason et al. [13], a method of tilting a wet granular packing was
used to determine the relationship between the angle of maximum sta-
bility andmoisture, which is referred to as the volume fraction of liquid.

Other authors [14,15] also identified a relationship between the rel-
ative humidity and the characteristic angles of an inclining box filled
with 2mmdiameter glass beads. They showed that the size of the pack-
ing and its compacity do not influence the angle of repose because this
parameter is an intrinsic feature of granular media.

2.1. Moisture in a granular medium

The structure of a static granular media, which consists of solid par-
ticles and voids filledwith air andwater (in liquid or vapour phase), can
be assimilated to a porousmediumwith a solid matrix and pores of dif-
ferent sizes. Thus, the granular medium can be studied as a porous me-
dium from the point of view of the moisture properties.

Two moisture storage mechanisms exist in a porous medium, and
therefore, in a granular medium: molecular adsorption and capillary
condensation.

Molecular adsorption occurs when the surface areas of the pores or
the voids retainwatermolecules inmoist air. In the first phase, themol-
ecules are adsorbed to the walls of the grains, where they can form a
mono-molecular layer (Fig. 1a) that increases the moisture content of
the granular medium.

This layer is completed at a ϕ close to 20% for the smallest voids;
from this stage, the layer thickness then increases with the addition of
new molecules that overlap each other, until the so-called multi-
molecular adsorption is produced (Fig. 1b) at a maximum thickness of
approximately five molecules for ϕ ≈ 40%.

Beyondϕ=40%, these layers grow to ultimately collapse, forming a
water meniscus that acts as a liquid bridge between the grains (Fig. 1c).
This phenomenon is called capillary condensation. As ϕ increases, more
bridges are formed in interstitial voids, and isolated regions of liquid
water appear in the granularmedium. Finally, themedium is complete-
ly saturated, and all pores are filled with water.

The dominant moisture storage mechanism depends on the ϕ, but
these mechanisms coexist over a large interval of the hygroscopic
range. In porous media, the moisture transport properties depend on
the moisture content of the material as shown by Gómez et al. in [16],
but when the tests are carried out under hygroscopic equilibrium
there is no driving force for the diffusive and/or capillary transport.

Different cohesive states can be identified based on these mecha-
nisms of moisture storage because the liquid bridges are at the origin
of cohesive forces between grains. Thus, the level of cohesion in theme-
dium will determine these states. The main difference between a dry
and a wet granular medium lies in the cohesive force between grains
generated by moisture. The cohesion between two spheres as shown
in [17] and [18], i.e., the attraction force between two spheres due to a
liquid bridge between them, is the sum of the surface tension and
capillary pressure in the neck of the bridge.

Rumpf [19] proposed a model for determining the cohesion tension
in a granular medium of identical spherical grains from the force of co-
hesion per liquid bridge. This approach is a simplemodel to estimate the
cohesion tension from the liquid bridge force without considering the
effect of the distribution in the number and in the size of grains. For a
constant packing fraction, the cohesion increases with the average
number of liquid bridges and their average strength. Fournier et al.
[20] showed that both variables increase with the moisture content.

The packing stability depends on the ϕ of the environment due to
these different cohesive states of a wet granular medium. Therefore,
we will analyse the variation of the maximum angle of stability (θm)
and the angle of repose (θr) as a function of ϕ in this work.

2.2. Avalanche phenomenon on wet granular media

In the continuum approach, the Mohr–Coulomb criterion describes
the avalanche phenomenon in terms of shear stress (τ) and normal
stress (σ) modified by the capillary condensation, which creates addi-
tional cohesion between grains, resulting in a “normal cohesive stress”
in the medium (σc) and in a new total normal stress. See [6,21] for
more details.

This cohesive stress leads to increments in the angle of maximum
stability for a wet granular packing. As the height of the packing in-
creases, the normal stress corresponding to the weight of the pile also
increases, but not the component corresponding to the cohesive forces,
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which remains constant irrespective of the size of the pile. Thus, it could
be concluded that the depth of the pile does not influence the cohesion;
therefore, failure occurs at the base of the pile, according to Mohr–
Coulomb criteria, depending on the cohesion degree. The cohesion pro-
vided by liquid bridges in the capillary cohesive state is sufficiently
strong to ensure that the grains remain up to a high θm angle (approxi-
mately 90°); thereby, in a fully developed capillary regime, the continu-
ummodel and the correspondingMohr–Coulomb criterion for avalanche
can be applied. The continuum approach does not apply to the hygro-
scopic range or the capillary regimes, where the granular medium is in
funicular and pendular cohesive states; in these ranges, the granularme-
dium ismore appropriately considered as discrete. In this case, the Albert
model [22] considers that a grain from the free surface of the packing
breaks out from the irregular geometry formed by the other grains for
a givenmaximumangle. This breakout occurswhen an unstable position
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Table 1
Hygroscopic salts and relative humidity used in the experiments.

Hygroscopic salt CaCl MgCl2 Mg(NO3)2 NaNO2 NaCl KCl KNO3 K2SO4

ϕ (%) 0% 33% 54% 65% 75% 84% 94% 97%
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As we shall see below, our experiments confirm that each model is
valid in a specific range of ϕ. Thus, the discrete approach is applicable
for the hygroscopic range below 90%, where cohesive forces are lower,
while the continuum model is more appropriate for higher ϕ values,
corresponding to a fully developed capillary regime in which the mois-
ture content is sufficiently large. In terms of cohesive states, the discrete
model is applicable to the funicular and pendular states, while the con-
tinuum model is applicable to the capillary state.

3. Experimental setup

To study the characteristic angles of the avalanches for well-
controlled humidity conditions, we built two sets of methacrylate
chamberswith dimensions of (36 × 68× 36) cm3 and continuous tilting
platforms that allow the characteristic angles of the pile to bemeasured
when an avalanche is triggered. We placed a box with dimensions of
6.0 × 6.5 × 11.0 cm3 in one chamber and a box with dimensions of
5.0 × 6.5 × 10.3 cm3 in the other chamber. Each box was completely
filled with beads, and the free surface was flattened by hitting it with
a tool. In each chamber, the box was placed on a pivoting base over an
elevating platform. Inside the chambers, it was also placed a tray with
hygroscopic salts solution in distilled water.

The grains tested were glass beads with diameters of (0.50 ±
0.04) mm, (1.02 ± 0.03) mm and (2.10 ± 0.04) mm and a density
of (2.45± 0.15) g/cm3. The bulk densities weremeasured by pouring
the granular material inside a container of known volume. The material
was poured at a constant flow rate from a constant height above the sur-
face of the filled container (constant absolute height). The container was
filled up to its rim, and the material was levelled. The density was com-
puted as the ratio between the mass of the material inside the container
and its volume. The measured densities were (1.51 ± 0.01) g/cm3,
(1.54 ± 0.01) g/cm3 and (1.54 ± 0.01) g/cm3, respectively.

The box was tilted (Fig. 2) by using a platform driven by a shaft. The
packing inclination was regulated by the pivoting platform that sup-
ported the box. The system was driven by means of an external handle
mounted on an axis that crossed one of the walls of the chamber via a
small orifice. This device does not significantly disturb the control of
the relative humidity in the chamber.

The chambers were sealed in order to maintain the desired relative
humidity with a reliable, accurate and simple system based on hygro-
scopic salts solutions in distilledwater, according to [24]. The hygroscop-
ic salts and their respective relative humidities are listed in Table 1.
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Fig. 3. Images of the angle ofmaximumstability (yellow) and repose (red) for thefirst avalanche
of the references to colour in this figure legend, the reader is referred to the web version of thi
The air inside was continuously moved using a small fan to prevent
stratification.

The relative humidity and dry bulb temperature of the air inside the
chamber were registered by capacitive sensors with built-in memory
for recording data with an accuracy of ±2% for the relative humidity
and ±0.3 ° C for temperature. The sensors also featured a programma-
ble frequency for reading and recording and transferred the data to a
computer. In this study, the data were recorded every 5 min.

After establishment, the desired experimental conditions were
maintained for two weeks before starting the avalanche. At this stage,
we began to incline the box to initiate the first avalanche; we thenmea-
sured the angle of maximum stability and repose (Fig. 3). Five minutes
later, the angle of inclination of the packingwas progressively increased,
which resulted in several avalanches. For each successive avalanche, we
again measured both angles. The chambers were illuminated from the
inside with white light LEDs to obtain sufficient illumination during
camera shooting and avoid reflections.

4. Results and discussion

In this section, the results of measurements are presented and
analysed.

The inclination angle of the box container and the repose was mea-
sured with respect to the horizontal from the pictures obtained after an
avalanche was triggered. The angle of maximum stability was then cal-
culated based on these angles, adding the inclination increase between
two consecutive avalanches to the last angle of repose.

As mentioned previously, this work aimed to determine the influ-
ence of the relative humidity on the characteristic angles in order to
estimate the influence on the mass flowing out of the box after the av-
alanche is produced. To study the influence of the grain size, we tested
packingmaterials consisting of glass beads of three different diameters,
0.5 mm, 1 mm and 2 mm, at different relative humidities ranging from
5% to 90%. However, other parameters play a role in the characteristic
angles, such as the packing size, the compaction degree and the hygro-
scopic equilibrium time. These variables are usually considered to influ-
ence the characteristic angles of “dry” granular materials. Nevertheless,
we aimed to evaluate how the different humidity degrees in which the
pile is immersed change with respect to the dry case. As discussed later,
various parameters, such as the equilibration time and the grain size, do
not influence the results at low ϕ values.

4.1. Angles of maximum stability and repose

During each test, the number of avalanches obtained depended on
the relative humidity atwhich thematerialwasmaintained: the relative
humidity positively correlated with the cohesion and stability of the
packing, resulting in a smaller number of avalanches. In a later section,
28º 47º
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, grains of 1mm. a)ϕ=37%, pendular state. b)ϕ=84%, funicular state. (For interpretation
s article.)
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we will analyse the effluent mass after each avalanche and its depen-
dence on ϕ.

In Figs. 4, 5 and 6, we have plotted the average characteristic angles
(over five equivalent experiments) θm and θr (dashed) of measure-
ments for grain diameters of 1, 2 and 0.5 mm, respectively.

In all cases, the number of avalanches inversely correlated with
ϕ. Thus, 15 avalanches were obtained for low relative humidities
(ϕ = 5% and 37%), whereas only one avalanche (0.5 mm grains) and
three avalanches (2mmgrains) were obtained for high relative humid-
ity conditions (ϕ = 94%).

We observed that the angle of repose was almost constant for all
avalanches and slightly dependent on the relative humidity (see
Figs. 4, 5 and 6). Furthermore, the maximum stability angle remained
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approximately constant after the first avalanche. Indeed, the angle of
maximum stability was always greater for the first avalanche than the
angle of successive avalanches. This phenomenon is due to differences
in the time spent before triggering the avalanche. Two weeks were
spent before triggering the first avalanche, while successive avalanches
were triggered 5 min apart. This finding demonstrates the importance
of the hygroscopic equilibrium time, as discussed later in detail.

Fig. 7 shows the difference θm − θr for the first avalanche (squares)
and for successive avalanches (circles) for all relative humidities tested.
We can observe that the difference between the angle of maximum
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relative humidity for the first (blue symbols) and subsequent avalanches (red symbols)
for 1-mm grains, averaged over 5 test values obtained for each case. (For interpretation
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of this article.)
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stability and the repose anglewas constant for all avalanches, except for
the first one (again due to the equilibrium time between avalanches),
and this difference between the two angles positively correlated with
the relative humidity following the same variation. Conversely, this dif-
ference was nearly constant at low values of ϕ, and exponentially in-
creased at higher values of ϕ; these different behaviours seem to
correspond to the different cohesive states of thewet granularmedium.

This difference between both angles ranges from 5° (for 1 mm grain
size) in the pendular regime to 18° in the wet phase of the funicular
state. For a 0.5-mm grain diameter, the difference between both angles
also progressively increases from a pendular state up to 25° in the cap-
illary state. The same behaviour was obtained for 2 mm. Thus, we can
conclude that the difference between both angles is approximately 5°
for the pendular state irrespective of the grain size, suggesting that the
characteristic angles are independent of grain size for “dry” conditions
and that this parameter only influences thewet condition. Nevertheless,
because the behaviour for successive avalanches is the same (Fig. 8), we
now compare the angle of maximum stability and repose for all grain
sizes used and for the first avalanche.
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For clarity purposes, we only show the results obtained up to
ϕ = 84% for two cohesive states in Fig. 8. For relative humidities up to
40–50%, the molecular adsorption mechanism of moisture storage in
the interstices between grains is dominant, and very few liquid bridges
are formed. Therefore, the cohesive forces are not relevant, resulting in
almost constant angles of maximum stability and repose. This range
corresponds to the pendular state. From ϕ=40–50%, the angle of max-
imum stability increases first exponentially as a result of the capillary
condensation evolution in the interstices between grains as the relative
humidity increases, providing greater cohesion due to the increment in
the number of capillary bridges. At approximately 85%, most of the in-
terstices of the granular medium are flooded with capillary condensed
water; relative humidities ranging from 50% to 85% correspond to the
funicular state. The upper limit of this range depends on the grain
size; the grain size positively correlates with the value of ϕ at which
the capillary regime will start.

Our experiments demonstrate that the avalanche occurs somewhere
at the free surface of the packing and as a result of mechanical imbal-
ance during the pendular and funicular states; thus, the grains flow
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Fig. 10. Packing of 0.5-mm glass beads at ϕ = 94% corresponding to the capillary state before and just after the avalanche occurred. The failure plane is indicated.
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out up to a new equilibrium stage (angle of repose) and form a new free
surface plane. Therefore, the avalanche phenomenon is a surface phe-
nomenon when the granular medium is in pendular and funicular
state, and the cohesive forces are not sufficiently large to consider the
medium continuous; it behaves as a discrete medium, as described by
Albert et al. [22]. In this regime, the plane of the free surface after the av-
alanche is well defined, and the angle of repose is easily measured, as
shown in Fig. 3a.

In Fig. 9, we show the same variation as in Fig. 8 but for the entire ϕ
range and each tested grain size.

Measurements for ϕ = 90% show a sharp increase in the angle of
maximum stability for d = 0.5 mm. This marked increase indicates
the beginning of the capillary state. Indeed, the angle of maximum sta-
bility continued to grow as the relative humidity increased due to a
more dominant cohesion between the grains (almost all pores are filled
with water), which drastically increased the capillary force; as a result,
the packing was more consolidated and could be described as a contin-
uum. The angle of maximum stability in this state markedly increased,
reaching approximately 85° for this regime. Fig. 10 shows the packed
box as well as the failure plan for this scenario. In this case, the ava-
lanche entirely differed from those discussed above: it was not progres-
sive and involved the surface and the bulk, holding the grains together
via the capillary moisture content, which suddenly decreased in a
block. This finding clearly confirms that the Mohr–Coulomb criterion
is more appropriate to explain the phenomenon of avalanches in the
capillary state.

The resulting free surface was irregular and hindered the measure-
ment of the corresponding angle of repose after the avalanche, even in
the funicular regime. The results obtained for different grain sizes
(Fig. 9) show that the limit between the funicular and capillary state
shifted to higher relative humidity values for larger grains. More pre-
cisely, the capillary state began at ϕ = 90% for grains of d = 0.5 mm,
yielding θm = 85°; the funicular state persisted for d = 1 mm at
ϕ = 90%, it reaching at 95% the capillary state. As mentioned earlier,
the angle of maximum stability and repose depend not only on the rel-
ative humidity but also on the grain size because the grain size deter-
mines the size and distribution of the interstices in which the capillary
condensation will occur. Smaller grains are more hygroscopic; thus,
they will reach the cohesive capillary state earlier (at a lower ϕ),
while larger grain sizes require a higher relative humidity to attain the
capillary cohesive state because the pile contains larger pores.

It the funicular state, the characteristic angles are sensitive to the in-
fluence of the grain size. In this state, grains larger than 0.5 mm present
a larger angle of maximum stability as the relative humidity increases
(Fig. 8). In the pendular state, the characteristic angles are independent
of the grain size.

Fig. 11 shows the angle of repose as a function of the maximum
angle of stability for all grains depending on the relative humidity. We
plotted the results corresponding to the first and latter avalanches. As
mentioned previously, we confirm the same trend for both cases.
Conversely, grain size only influenced the results for higher ϕ values;
larger grains provided greater angles of repose; at low ϕ, the influence
of the grain size can be neglected and the data collapse.

4.2. Hygroscopic equilibrium time

Previous studies, such as [7], state that the relationship between the
angle of stability and conditioning time is exponential. However, this re-
lationshipwas established only for very lowhumidity values below45%.
In this range, the granularmedium is usually in thependular state, aswe
have seen in our experiments.

As we demonstrated above, the angle of maximum stability of the
first avalanche differs from those of the later avalanches, which are con-
stant and lower than that of the first avalanche (Figs. 4–6). Prior to the
first avalanche, the medium is in contact with the environment for a
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time long enough to reach hygroscopic equilibrium (two weeks). For
later avalanches, the time intervals between two successive avalanches
were 5 min.

For all tested relative humidity values, the maximum stability angle
decreased for the second avalanche compared to the value obtained for
the first avalanche. The angle remained constant after the second ava-
lanche. The angle of repose remained constant for all avalanches, includ-
ing the first. Thus, this angle is nearly independent of the equilibration
time and therefore does not depend on the humidity degree. In fact, re-
sults in Figs. 4, 5 and 6 show that the angle of repose slightly increases
with the relative humidity from 24° to 27°. Therefore, the angle of re-
pose is more sensitive to the moisture content in the bulk and not that
in the superficial layers. Conversely, the angle of maximum stability
seems to be a strong function of the humidity and the corresponding
liquid bridges in the surface layers of the packing; this is not the only
factor, but also the packing history (packing fraction, piling method,
walls of the box and geometrical new structure of the surface after the
first avalanche occurs) has an influence on the angle of maximum sta-
bility. The influence of these variables will be studied in future works.

To examine this phenomenon in more detail, a new test was carried
out in which the interval time between avalanches was changed from
5 min to 24 h between the first and the second avalanche for a packing
that consisted of grains of 1 mm diameter and ϕ = 80%. The result is
shown in Fig. 12; we observed that the angle of maximum stability of
the second avalanche was larger than that of the same avalanche with
a 5 minute equilibration time.

Finally, the “nominal” angle of maximum stability only will be
achieved if the granular medium previously retains sufficiently long
contact with the environment in order to reach hygroscopic equilibri-
um; furthermore, all liquid bridges in the granular medium must have
been formed according to the surrounding relative humidity. This
contact time can be called the “hygroscopic equilibrium time”.
5. Conclusion

Wehave stated here that the relative humidity drastically affects the
stability of granularmedia by increasing themaximum angle of stability
with the relative humidity, while the angle of repose remains roughly
constant. In this work, we have demonstrated how the different mech-
anisms of storing moisture affect the stability of a granular media that
are tilted to produce an avalanche. The experiments were well con-
trolled, and we have essentially explored the entire range of relative
humidity.
The behaviour of a granular medium obeys its cohesive state such
that the relationship between the relative humidity and the angle of
maximum stability is governed by three different regimes that corre-
spond to the cohesive pendular, funicular and capillary states. During
the pendular cohesive estate, both angles remain constantwith a differ-
ence between them of 5 ± 1°. Nevertheless, θm grows exponentially
when the packing is in the funicular cohesive state, increasing to an
abrupt maximum value in the cohesive capillary state that allows the
medium to behave as a compact mass due to the strong cohesion.

The relative humidity values that define the frontiers between each
cohesive state (pendular, funicular and capillary) increase with the
grain size; that is, for small grain sizes, the capillary state is reached at
a lower relative humidity than for larger ones. The transition from the
funicular state to the capillary one then occurs at higher relative humid-
ities for larger grain sizes. In summary, the maximum angle of stability
depends on the grain size in the funicular and capillary state and can
be neglected in the pendular state.

The concept of a “hygroscopic equilibrium time”was defined as the
time for which the granular medium is in hygroscopic equilibriumwith
the surroundings. Consequently, θmwill bemaximized during this state.
This characteristic time depends on the relative humidity, grain size,
free surface area, bulk and compaction degree of the packing. A “nomi-
nal angle of maximum stability” was defined as the angle at which the
avalanche occurs when the medium has reached a given “hygroscopic
equilibrium” with the environment. If the conditioning time is shorter,
the avalanchewill be triggered at a smaller angle compared to the nom-
inal during adsorption or at a larger angle during desorption. Thus,
when referring to the characteristic angle of a packing, such as the
angle ofmaximum stability, not only shouldϕ be specified, butwhether
it is the nominal value or whether this value refers to the desorption or
adsorption process should also be specified.

The mass displaced was confirmed to positively correlate with the
relative humidity in the same way as the angle of stability does when
taking into account the different cohesive states. A linear relationship
between the angle of maximum stability and mass eviction in each av-
alanche was also confirmed, and this relationship depends on the
shape and size of the packaging.
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