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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].

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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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,

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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