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Abstract
The cohesive behaviour of unsaturated granular materials is due to the presence of cohesive bonds between grains. These bonds can have various physicochemical characteristics and may evolve with environmental conditions. We
study the case of a granular material partially saturated by an aqueous solution. The bonds are thus initially of capillary type and the mechanical
strength is weak. At low relative humidity, the phase change of water involves crystallization of the solute at the contact points between grains, generating thus solid bonds. The mechanical strength of the material is then
enhanced. An experimental study of the evolution of the mechanical strength
during crystallization of the solute shows clearly the transition from capillary
regime to cemented regime. This transition is not correlated with the mass
of the crystallized solute, but rather with the residual degree of saturation.
This behavior is analyzed here in the light of discrete element simulations.
We introduce a local cohesion law that accounts for transition from capillary to cemented bonding. This law is formulated in terms of the degree of
crystallization as a result of the evaporation of water at the boundary of the
sample. The cohesion of the packing is initially of capillary type. A crystallization front then spreads from the sample boundaries to the center of
the sample, and the strength increases as a result. Uniaxial compression allows us to determine the strength at different times. The numerical strength
agrees well with the experimental data, and reveals strength enhancement as
the solute crystallizes, as well as the transition from capillary to cementation
regime.
Keywords: Unsaturated granular materials, capillary cohesion, cemented
bonds, Discrete Element Method
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1. Introduction
The mechanical strength of granular materials is controlled by particle
characteristics (shape, size distribution) and cohesive bonding (capillary, cementation) between the particles. The effect of these parameters is of primary
importance in powder technology [1, 2, 3] and transformations of geomaterials including granular soils [4, 5, 6]. The liquid is generally water with
various impurities and/or dissolved minerals that can crystallize and reinforce the mechanical strength of the material. The mechanical strength can
thus evolve as a result of phase changes (evaporation and crystallization)
depending on the surrounding hygrothermic conditions.
In this paper, we investigate the evolution of the compressive strength
of unsaturated granular materials during the evaporation of a solvent. A
cohesion law is proposed in which the debonding force is a function of a
crystallization index accounting for liquid-solid transition at the scale of a
cohesive bond. This law is implemented in 2D discrete element method
(DEM) simulations of simple compression in the course of drying. The results
are compared with the experimental data obtained on model materials tested
in similar conditions.
2. Experiments
The experimental tests were designed to measure the compressive strength
of granular samples during the process of the drying and deposition of a solute at the liquid bridges between the grains. Two types of materials were
used in these tests: (1) a model material composed of glass beads and (2)
Ventoux sand (Fig. 1). In both cases, the grains were first washed and dried.
Then, they were sieved to keep only the grains with diameters in the range
from 0.4 mm to 0.8 mm. The dry grains were homogeneously mixed with a
small amount of saturated brine containing 35.6 g of NaCl for 100 g of water
at room temperature. This maximum concentration varies with temperature
[11, 12].
The samples (diameter 25 mm and height 17 mm) were prepared inside
a cylindrical mould of a diameter of 25 mm and a height of 17 mm. At this
stage the samples are particularly delicate to handle since their mechanical
strength is solely ensured by weak capillary forces acting between the grains.
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Figure 1: Distribution of liquid bridges and NaCl deposits in a granular material composed
of glass beads.
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Figure 2: Samples during drying (a) glass beads and (b) sand of Ventoux.

Because of this brittleness, particular experimental precautions were necessary in order to avoid damage to the samples upon unmoulding. In the course
of drying, the samples are first weighed ; the mass difference gives access to
the mass of the evaporated water and thus that of the crystallized fraction of
salt. The samples are then subjected to unconfined vertical compression up
to failure in order to determine their mechanical strength. Figure 3 clearly
illustrates the evolution of the mechanical strength with drying and thus the
progressive cimentation of the solute.
3. Local crystallization law
We consider a liquid bridge of an aqueous solution connecting two grains.
This solution contains a solute with a given initial concentration. Depending
on the surrounding drying conditions, the water progressively evaporates and
the solute concentration increases. When the saturation point is reached, the
solute begins to crystallize as the water further evaporates. The first solid
deposits are localized on the grain surface. The solid-bond connectivity between the grains is obtained when a sufficient amount of solute is crystallized
and a cemented bond is formed. As drying continues, the cemented bond
gets thicker and stronger.
The order parameter for phase transition at the scale of a bond is the
ratio i defined by
m
(1)
i=
mtot
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(b)
Figure 3: Results of axial compression tests for several drying durations: (a) Low drying,
bonds are mainly liquid bridges ; (b) Illustration of the effect of the progressive cementation
on the mechanical strength.
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where m is the mass of crystallized solute and mtot is the total mass of solute
available in the bond. In the following, we will refer to i as crystallization
index. The index i is a field variable depending on the time t elapsed since
the beginning of drying and the location ~r of each bond. Below the saturation point, i is identically zero. At saturation, i begins to increase with
evaporation first at the free surface, and tends to 1 at long times while at
the same time the crystallization front spreads into the sample from the free
surface. The evolution of i(t, ~r) can be modeled as a diffusive process:


π 2
4πr
−( 2L
Dt
)
(2)
e
i = γ 1−
(2 + π)L
where r = k~rk is the smallest distance between the bond and the free surface,
L is a characteristic dimension of the macroscopic sample, and D is a diffusion
coefficient. This coefficient represents the crystallized solute propagation rate
in the sample. Since the liquid is saturated by the solute, D is directly related
to the diffusion of water vapor in the sample. The coefficient γ describes
whether the solution is saturated (γ = 1) or not (γ = 0).
The debonding force fnY is a function only of the crystallization index i.
As long as i is below a critical value iT , the bond behavior is governed by the
liquid phase and thus the debonding force is given by the capillary force fl .
At i = iT , a solid bridge forms and the behavior of the bond turns to solid.
In our numerical model, we assume that the debonding force in this regime,
i.e. for i ≥ iT , is a linear function of i with a maximum fs reached in the
limit i → 1. With this approximation, the debonding force is given by
fnY = fl + H (i − iT )

i − iT
(fs − fl )
1 − iT

(3)

where H is the Heaviside step function. This law captures in a simple way
the effect of crystallization. The two thresholds fs and fl depend on the
local geometry (gap, size polydispersity), volume fraction of the solution and
solid-liquid contact angle. But, we are interested here in the evolution of the
bond, and it will be assumed that the values of fs and fl are constant.
4. Numerical procedures
We used 2D DEM simulations with usual elastic-frictional contact interactions together with a cohesion law described by Eq. 3 [8, 9, 10]. We assume
6

Parameter
Contact stiffness Kn
Time step ∆t
Compression velocity v
Friction coefficient µ
Capillary force fl
Maximum solid force fs
Diffusion coefficient D

Value
10−6
5 10−7
1 10−3
0.2
1.3 10−4
4.5 10−3
2.5 10−9

Unit
N/m
s
m/s
N
N
m2 /s

Table 1: Parameters and values used for DEM simulations.

that the aqueous solution is saturated, so that γ = 1 and the characteristic dimension L equals the sample’s radius (Eq. 2). The values of various
simulation parameters are given in table 1. The samples are composed of
5100 spherical grains with diameters following a gaussian distribution in the
range 0.4 mm to 0.8 mm. These numerical samples have a rectangular shape
(17 mm high and 25 mm wide). They are subjected to unconfined vertical
compression test at a low velocity v = 10−3 m/s.
The simulations were actually designed to reproduce 3D experiments that
were carried out with packings of glass beads and sand as described in section
2. The crystallized fraction of salt is the global index of Rcrystallization I,
which is the average value of crystallization index i (I = V1 V i dV ), where V
is the volume of the sample. Both in experiments and simulations, the failure
force F is measured for different values of I. The experimental value of the
transition index is estimated to be iT = 0.8 ± 0.1. Hence, three different
systems with iT = 0.7, 0.8 and 0.9 are simulated.
5. Macroscopic behavior
Figure 4 displays the snapshots of the two sets of simulated configurations. In both cases, we observe the propagation of the crystallization front
from the free boundary toward the center of the sample. The central zone
is subject only to capillary cohesion. The stress field is macroscopically inhomogeneous due to the presence of the capillary zone surrounded by the
cemented zone. The normal forces are stronger along two vertical stripes
in the cemented zone. When the front reaches the center of the sample, all
bonds are cemented, but crystallization continues within the bonds.
7

The evolution of the failure force F , normalized by the failure force Fl
due to capillary bonds at the beginning of the simulation, as a function of
the global crystallization index I is shown in Fig. 5. We see that for a given
value of I, the failure force is higher for smaller values of iT . Two regimes
can be distinguished: 1) I < iT : The normalized force F grows slowly from
1 to ' 8 as I varies from 0 to iT . This regime corresponds roughly to the
propagation of the crystallization front from the free surface to the center
of the sample. 2) I > iT : F grows fast and tends to F ' 40. This regime
corresponds to the consolidation of cemented bonds throughout the system.
Figure 6 shows the evolution of the failure force F with I for both experiments and simulations. All the experimental data points collapse nearly
on the same curve for glass beads and sand irrespective of the initial brine
content. The simulation data are presented as a range (hashed zone) defined
by 0.7 ≥ iT ≥ 0.9. The experimental data belong mostly to this range, showing that the simulations capture correctly the transition from liquid to solid
behavior despite the 2D geometry of the simulations.
The high value of compressive strength (F ' 40) when I → 1 has two
different origins. On one hand, at the scale of a bond, we have fs ' 35fl .
On the other hand, in contrast to a liquid bond which involves only a tensile strength in addition to sliding friction, a solid bond involves rolling (or
bending) strength as well as tensile strength. The rolling strength is crucial
for compressive strength of cohesive granular materials [13].
6. Conclusion
In this paper, we proposed a numerical model for the evolution of cohesion
in an unsaturated granular material due to the crystallization of a solute. We
introduced an order parameter i defined as the fraction of crystallized solute.
Hence, the evolution of a bond between two particles is described by a cohesion law expressing the the tensile force as a function of this order parameter.
This law involves both a transition from capillary to cemented bond and the
consolidation of a cemented bond as the order parameter increases.
Our discrete element simulations with this evolutive cohesion law show
that the compressive strength grows with drying from a free surface and a
transition occurs from a regime dominated by capillary cohesion to a regime
governed by cemented bonds. The numerical simulations are in good agreement with experiments on glass beads and sand with a brine of variable content in salt. Experiments are presently under way in order to characterize in
8

(a)

(b)
Figure 4: Compressive forces in the cemented zone for the two sets of configurations
simulated: (a) simulations of S1 configuration; (b) simulations of S2 configuration. Line
thickness is proportional to normal force.
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Figure 5: Evolution of the failure force F , normalized by the failure force Fl due only to
capillary forces at the beginning of simulation, with the global crystallization index I for
three different values of the local transition index iT .
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Figure 6: Evolution of failure force F normalized by Fl with the global crystallization
index I. Comparison between DEM simulations and experiments for different materials
and liquid contents w (the figure shows a synthesis of 82 tests carried out on glass beads
and 60 tests carried out on sand). The hashed zone represents the simulations for iT in
the range [0.7, 0.9].
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more detail the local evolution law of cohesion as a function of surrounding
hygrothermic and physico-chemical conditions.
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