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Abstract. In this paper a brief and critical review of the current literature on hydro-mechanical
coupling is presented. Furthermore, an enhanced discrete element model is used to investigate
the mutual relationship of soil water retention curve and suction stress curves and how the two
are affected as a result of change in the initial porosity of the soil sample. The model revealed
the suction stress values in wetting were less affected as in drying branch as a result of the
change in the initial porosity of the soil sample.

1 INTRODUCTION

Unsaturated soil is a complex medium composed of different phases and interfaces. The
volume fraction of different phases influences the overall macroscopic behavior of unsaturated
soil. On the other hand the porous network of unsaturated soil changes under external loading
and is stress level dependent. Therefore, the volume fraction of different phases changes with
the stress level and accordingly the topology, connectivity of the porous network, and fluid
paths change. This means the mechanical behavior of system is saturation dependent and the
hydraulic behaviour of the system is stress level dependent. This has been referred to as hydro-
mechanical coupling in the literature of unsaturated soil mechanics. There are various studies
in the literature which investigate each of these phenomena alone and independently and the
connection of the two is not comprehensively looked into [1]. The soil water retention curves
for deformable porous media have been explored by various researchers [e.g., 2-4] and the
dependency of stress measures on the saturation level has been investigated in some others [5].
However, these two phenomena are mutually inter-related and it is also of practical importance
to look into saturation dependent stress measures and stress dependent retention properties in a
single framework, and not only that, different micro scale and macro scale phenomena are also
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worth being investigated from this perspective. In this study, a thorough and critical review of
current literature on the hydro-mechanical coupling is presented and different
phenomenological and mathematical aspects of hydro-mechanical coupling are discussed.

2 A BRIEF AND CRITICAL DISCUSSION OF THE LITERATURE

Noting the points raised in the introduction section, one will find the following two issues have
faced less attention in the current literature:

1. Is there any mathematical, and or physical framework to demonstrate the mutual relationship
discussed above? In other words, such coupled behavior which can be empirically and
intuitively understood and is widely acknowledged among researchers, should also be
established and demonstrated via a mathematical and/or physical approach. The benefit of any
further elaboration on this is better understanding of such coupling and arriving at the better
options to incorporate it in the current constitutive models and computational tools instead of
the ad hoc, heuristic and empirical ways of proposing equations for it.

2. One of the important factors influencing the hydro-mechanical coupling is the internal
structure of the porous medium (i.e., the porous structure of the medium). In other words, the
effect of stress level on the hydraulic behaviour of the porous media can be different for
different porous network structures. It can vary in different porous media with various porous
networks (in networks with mono-modal or bimodal pore size distribution, dissimilar pore
shapes, different distribution of pores and throats, and coordination number distributions (or
porous network connectivity). This means a pore and/or grain scale study of the coupled
phenomena is important to shed light into such coupling. We hereafter refer to this part as
phenomenological study as with such a tool we can better study different processes and physical
effects associated with the coupled phenomena.

This paper briefly reports some of the recent works of the authors on these two important
aspects of coupled phenomena in unsaturated poromechanics. In the following section, we first
quickly illustrate how such mutual relationship is expected to exist due to the inherent
mathematical symmetry in the unsaturated system. Afterwards, the DEM approach which is
employed by the authors to look at hydro-mechanical behaviour of unsaturated soils is
introduced. Finally concluding remarks are given and further research directions are discussed.

3 AMATHEMATICAL VIEW POINT: INHERENT SYMMETRY

Let W be a strain energy function which represents the free energy of the deformable
unsaturated medium per a unit initial volume of it. Huyghe et al. (2015) have revealed that the
following results can be obtained through a systematic formulation of the thermodynamics of
such media [6]:

) )
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In Equation 1, o.5fis the so-called effective stress tensor. E specifies the Green strain, and J
denotes the Jacobian of the deformation gradient tensor (F).

In Equation 2, P, is capillary pressure which is the pressure difference between air and water.
pi’ stands for the intrinsic density of the wetting fluid and R" is Lagrangian apparent density
of wetting fluid. These two equations are two of the most important equations which can define
mechanics and hydraulics of the unsaturated mixture. Having a look at the symmetry involved
in the following equation:

ow oW (3)
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If we note that the left hand side is connected to the deformation effect on the values of capillary
pressure and the right hand side is the effect of change of saturation on effective stress
relationship, then this equation and the symmetry involved there basically states from an
energetic view point these two phenomena are mutually interrelated. In fact such relationship
can be used to establish a formulation for the effective stress in unsaturated soil which is fully
discussed in Huyghe et al. (2015) and interested reader can refer to that [6].

We now add two other important equations to the set of equations presented above. The soil
water retention curve (SWRC), defined as follows:

P. = F(S™) (4)

It is worth mentioning that the F function (appearing in Equation 4) could be directly
thermodynamically/ mathematically obtained, if the exact form of dependencies of W (mixture
strain energy) was known. In the absence of such knowledge, the numerical and experimental
approaches are utilized to get insights on the form of F function. Therefore the F function is
usually determined empirically, most well-known forms of it are Brooks-Corey (BC), Van
Genuchten (VG), Fredlund and Xing (FX) [7-9] but of course it can also be obtained from
modeling tools such as discrete element model provided that the model can hydraulically
represent the unsaturated soil well enough to give results which are within a
reasonable/acceptable range of accuracy. For this purpose, calibration of the model with
experimental data at the first stage is pursuit. In general, the pore and grain characteristics of
the model and the medium (and their degree of similarity) can be considered as two most
influential factors in arriving at a proper estimation of SWRC. Geometry of the grain and the
intra and inter-aggregate porosities are also of importance.
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Not surprisingly there is the same problem with the effective stress defined in Equation (1)
based on the strain energy function of the mixture which leaves us with the option of empirical
equation for it (of course the effective stress formulation can still be obtained through a
thermodynamic framework but we need to either assume some dependences for strain energy
function or for the soil water retention relationship and plug it into the Equation (1) or (2),
respectively). This is of course subject of a separate study (see for instance Huyghe et al. 2015).
For the current study, let us consider one of the most famous empirical equations for the
effective stress in unsaturated soils, known as Bishop Equation [10]:

Oepr = 0 —pI + x(p* —p"™)I (5)

where o is total stress. Hereafter, the first term on the right hand side (the difference between
total stress and pore air pressure) is called net stress. p" and p” are wetting phase and nonwetting
phase pressures, respectively (in our case, water and air). y is the so-called effective stress
parameter.

The difference between the effective stress and net stress has been coined by Lu and Likos as
suction stress [11].

Lu et al. (2010) proposed the following equation for the suction stress [12]:
SS =0 — (0 —p°l) =S°(p* —p")I (6)

where §€is the effective degree of saturation. Here, we have changed their formulation
regarding the sign convention and we have also rewritten it in a tensorial format.

Therefore, one straight forward way to look into the coupled phenomena and mutual
relationship stated by Equation 3 is first investigating the effect of stress level on the soil water
retention curve. The values of effective saturation at each capillary pressure can then be
employed to look into the effect of stress level or deformation on the stress measures of the
medium (effective stress or suction stress). This can be done by investigating the suction stress
at different stress levels or porosity levels, or investigating it, at least (in a most simple way),
at different initial porosities. For this purpose experimental data or numerical models can be
employed. Numerical models have this merit that they are not as time consuming as the
experimental tests and a better control on the physical factors can be achieved but on the other
hand, at the present, there are lots of simplifying assumptions involved in the numerical
modeling. That said, due to considerable merits of the numerical model, we have focused on a
numerical model (discrete element model) here.
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One can notice the mathematical analysis presented above did not elaborate on the hysteresis
phenomenon (i.e., the difference in the soil water retention curves in drying and wetting as well
as the other hydraulic paths). However, a possible approach to account for the hysteresis
phenomenon is considering different parameters for Equation (4) for different hydraulic paths.
Nonetheless, in order to consider the effect of deformation, similar hydraulic paths would need
to be compared at different states of stress (or measures of deformation). The numerical
simulation presented in this study, thus, includes the variation of suction stress for both drying
and wetting at different porosity values.

In what follows a modeling tool (discrete element technique) which is capable of capturing the
main features of unsaturated porous media is employed to model the two sides of hydro-
mechanical coupling. As we are in the preliminary stages of this research, the study presented
here is limited to first model the effect of different initial porosities on the soil water retention
curve and then to investigate the suction stress values at different levels of capillary pressure
for different values of initial porosity (for drying and wetting branches). Therefore, in the
current study basically the change of initial porosity has been considered as a measure of stress
level and then drying and wetting paths have been modeled. This means highly collapsible soils
and/or highly swelling soils are not subject of this study. In order to have a precise model to
study them, the instantaneous change of porosity as a result of suction change needs to be
accounted for.

4 THE PHENOMENOLOGICAL STUDY: DISCRETE ELEMENT MODELING OF
THE COUPLED PHENOMENA

The phenomenological study contains two parts. First simulating the soil water retention curves
using a Discrete Element Method (DEM). The discrete elements model is calibrated to be
utilized as a virtual laboratory. It is then employed to obtain the soil water retention curve for
different initial porosities of the same soil type to account for the effect of stress level. To study
the other direction of this mutual relationship (the effect of change of porosity on soil water
retention curve and then consequently on the effective stress state of the medium), the suction
stress curves under different porosities are obtained using the results of DEM.

The simulation of SWRCs are done in two subsequent stages. First a packing was generated in
particle model Yade-DEM, and second the SWRC was determined by an implemented quasi-
static two-phase flow module.

Particle model Yade-DEM is based on the Discrete Element Method (DEM), where particles
are considered as discrete elements. Each particle is simulated as an elastic sphere. At a contact
between two particles a force is calculated which is a consequence of elasticity, this is calculated
using the physical based Hertz-Mindlin mechanics. The elastic force at a contact between two
particles is given by [13]:
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fn = _kn5n3/2 (7

fn 1s the inter-particle force at a contact, §,, is the normal displacement. k,, is the contact
stiffness in the normal direction and is given by:

4 8
kn = §E * VR * ( )
. 1-v,2  1-v,2 -1 . , .
Where E* = (E— + E—) , representing the average of Young’s moduli of the two
1 2
particles, R* is the reduced radius and given by R* = %
1 2

For each particle all forces arising from contacts, gravity, and boundary conditions are
summed and transferred to particle motions (using Newton’s second law). Using Yade-DEM,
a packing of 4000 spheres was randomly generated with the particle size distribution for Hostun
sand [14]. The particles were packed by an all-round stress, before a vertical confinement was
applied. The vertical net-stress was increased until a target porosity was achieved, this was 0.39
[14]. For the inter-particle friction we used that of Labenne sand (17°) and a Poisson ratio of
0.5 [15]. The particle stiffness was set at IMPa. However as we used porosity as a measure for
state-of-stress, the exact particle stiffness is not required to arrive at a certain initial porosity,
as the confining stress would capture the exact state-of-stress.

After the target porosity was achieved, an implemented quasi-static two-phase flow
algorithm was used to obtain points on the SWRC for both drainage and imbibition. First the
pore geometry was meshed into tetrahedra using Delauney triangulation [16]. Each tetrahedron
represents one pore-unit and has at each corner one particle. The resulting network of pore-
units was used to simulate the SWRC experiments. The top of the box generated in Yade-DEM
represented an air reservoir and had an air-pressure (P?) and at the bottom a water reservoir with
a water pressure (PV). As mentioned before, the capillary pressure is defined as Pc =P?-P". The
water saturation in each pore-unit was either one or zero (i.e., small partial water volumes in
pore units were considered negligible). Initially the packing was saturated with water. At the
pore-scale the capillary pressure was used to establish whether air will invade during drainage
or water during imbibition, using the following criteria. Drainage: the invasion criterion was
based on the entry pressure (Pc) associated with the smallest transect in between two pore units.
Air invaded if Pc>P.. Imbibition: the invasion criterion was based on the critical pressure (P)
corresponding to the largest curvature found inside a pore-unit, which is that of an inscribed
sphere and was calculated following [17]. Water invaded if P.<P.. For each invasion of a pore-
unit the connectivity of both water and air phase with their reservoirs was checked, if a residual
phase was present invasion of that pore-unit did not occur.
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5 RESULTS AND DISCUSSION: SIMULATED SWRCS AND SSCCS FOR
HOSTUN SANDS

Most granular materials do not contain perfect spherical particles. Therefore, a slightly more
angular material, sand, is tested. Lins and Schanz (2005) have studied the soil-water retention
curve in Hostun dune sand, at a porosity of 0.39 [14] The results (Fig. 1) indicate that the
capillary pressure for both drainage and imbibition is in good agreement with the experimental
data. We simulated spherical particles in contrast to sand, which typically is more angular,
although the effect of particle angularity on SWRC is limited [18]. During drainage, the
irreducible water saturation in angular sands can be present in pendular rings, corners, and as
disconnected blobs, from which the later one is only accounted for in these simulations. During
imbibition corner flow can strongly influence snap-off, thus affecting the amount of
disconnected air blobs. To improve the magnitude of residual air saturation and the irreducible
water saturation, effects of angularity such as corner flow, should be accounted for. Our above-
mentioned relatively basic simulation of imbibition does, however, still capture the main
effects.

6000 —
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Effective saturation

[ ] [ ] @ Drainage (Lins and Schanz, 2005)
* * + |mbibition (Lins and Schanz, 2005)

Fig. 1: Capillary-pressure saturation behavior for Hostun sand, with a porosity of 0.39.
Experimental data by Lins and Schanz (2005), and model results by quasi-static two-phase flow
within Yade-DEM.
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Fig 2: Suction stress as function of capillary pressure for Hostun sand at different porosities
A) drainage and B) imbibition.

To investigate the hysteresis and stress level effects on suction stress, the capillary pressure -
saturation curve of Huston sand at a porosity of 0.39 (Fig. 1) is transferred to suction stress —
capillary pressure curve for drainage (Fig. 2A) and imbibition (Fig. 2B).

It is apparent that larger states of suction stresses are found during drainage than imbibition.
The effect of porosity on suction stress is investigated by decreasing the porosity from 0.39 to
0.35 and 0.30. Simulations indicate that a decrease in porosity causes an increase in suction
stress, as pore sizes become smaller. Such effects are more pronounced in the drying curves as
compared to the imbibition ones. That can root in the fact that throat radii control the drying
process and they are more easily affected by a change in the porosity and/or an increase in the
stress level than the radii of pores. The radii of pores control the imbibition and therefore,
imbibition branches of suction stress are not affected as much as drying branches as a result of
porosity change.

6 CONCLUDING REMARKS

- Critical evaluation of the literature showed the mutual relationship between stress level
effects on the capillary pressure and effective stress measure has not yet been well
studied in the literature. To better investigate such mutual interrelationship, some
insights based on mathematical symmetry were presented. This issue has extensively
and comprehensively been explained in a forthcoming publication of the authors [6].

- A discrete element model was employed to elucidate how such mutual relationship
holds. In particular, we investigated the effect of deformation (change in the initial
porosity of the soil sample) on the suction stress and soil water retention curve in both
drying and wetting paths. The utilized discrete element model was first calibrated with
soil water retention data of one of the samples and was then used to predict the effect
of porosity change on the suction stress and soil water retention curves.
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