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1. Introduction

It has been well documented that mechanical and hydraulic behavior in unsaturated soils are coupled. An unsaturated
soil is a multiphase medium that contains at least three interacting phases. These interactions induce a negative pore water
pressure that bonds solid particles to each other. Resistance and volumetric strains depend very much on these water bonds
[1]. When water menisci are formed between concurrent solid particles, an additional contact stress appears, bringing them
closer and shrinking the porous structure of the material. If suction reduces, two different behaviors may occur. If the soil
mass is not loaded further previous to wetting, the volume of the soil suffers an elastic rebound. On the contrary, if the soil
is loaded beyond the yield surface previous to wetting, the porous structure of the soil collapses. This volumetric reduction
influences the hydraulic behavior of the material.

It is therefore important to understand the relationship between the amount of water in the soil with its correspond-
ing suction. From the point of view of constitutive modeling, it is more important to determine the degree of saturation
Sr—the ratio between water volume and volume of voids—because suction and the strain-like variable nSr are both con-
jugate variables of the soil-air-water system, n being the soil porosity of the material [2,3]. Once plotted in a Cartesian
coordinate system, the relationship s-Sr is called soil-water retention curve or soil-water characteristic curve [SWCC]. In
addition, suction (s) can be related to the relative humidity of the medium through Kelvin's equation, or to the size of pores
through Laplace’s equation (s = 2Ts/R), where R represents the radius of the pore and Ts is the air-water interface tension
coefficient.
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Fig. 1. (a) Comparing intrusion volume frequency ratios of samples compacted at the same water content and different vertical stresses [18], (b) pore-size
distributions (PSD) of a clayey till subjected to 840 kPa of suction [19].

Despite its importance, prediction of SWCCs is a complicated task because they are highly dependent on the drying-
wetting path. Hence, predictions on SWCCs that include the influence of volumetric deformations are difficult, as it is rather
hard to predict how the overall soil structure modifies itself with suction or external stresses. However, this task cannot be
avoided when modeling unsaturated soils.

Because internal pore structure and SWCCs are intimately related, there have been some attempts at simulating the
hydraulic behavior of soils through equations that introduce some parameters that depend on the pore-size distribution
(PSD). Based on Brooks and Corey’s equation [4], Khalili [5] proposed a coupled hydromechanical model where the shifting
of the SWCCs along the suction axis is a function of the air-entry value. Many models [6-9] modify van Genutchen’s
equation [10] by incorporating functions that depend on the current void ratio. In that sense, Romero and Vaunat [8] and
later Vaunat [9] incorporated the influence of volume changes on the SWCC by quantifying the volume of micropores.

An interesting solution to model internal structural changes has been presented by Koliji et al. [11] who proposed a
model to reproduce the evolution of the PSDs during suction increase or loading. Their study is based on experimental
observations of PSDs obtained from samples subjected to different suctions. The PSD was obtained from mercury intrusion
porosimetry (MIP) tests performed before and after the increment of suction. If this procedure is adapted to a porous model
able to reproduce the SWCCs, then it is possible to include the effect of suction or loading on the shifting of the SWCCs.
A model of this type is presented herein.

This paper presents a model that has been successfully used to reproduce the PSD of soils from the SWCCs and to
correctly interpret the results of MIP tests [12,13]. This model is enhanced to couple volume change and water retention
properties focusing on hydraulic hysteresis by proposing a simple yet effective way to simulate the evolution of the PSD.

2. Microstructural volume change

The sizes of pores in soil samples may range between thousandths to hundreds of microns. Coarse clean sands show
relatively large pores of uniform size. In comparison, clay particles attract each other by electrochemical forces forming
aggregates. This is why clayey soils generally show a double structure with small pores inside the aggregates (intrapores)
and large pores between the aggregates (interpores) [14]. This type of structure can be observed through the results of MIP
tests performed on these materials. As experimentally demonstrated by Simms and Yanful [15] and later by Romero et al.
[16], the PSD modifies during loading or suction increase. Cuisinier and Laloui [17] observed strong modifications of the soil
fabric with suction variations.

Fig. 1 shows the variations of volume with the size of pores of a glacial deposit best known as glacial till corresponding
to unsorted materials with no apparent stratification commonly including fine grained components such as clay [20]. Notice
that both Figs. 1a and 1b clearly show two maximum peaks exhibiting two main structural levels: micro and macroporosity.
Here, the pores belonging to the larger sizes are called macropores (denoted by M) and those of smaller sizes are called
micropores (denoted by mS site).

Fig. 2 shows the PSD of a soil sample subjected to different values of suction including the saturated conditions (s = 0).
In this figure, the vertical axis represents the ratio of the volume of injected mercury with the logarithm of the pore radius
r, while the horizontal axis represents the pore radius r in logarithmic scale. This figure indicates the contribution of each
size to the total volume of pores. The nil suction curve shows a peak at a pore size of about 5 microns (macroporosity).
As suction increases, macropores reduce their volume and the peak displaces to a smaller pore size of about 0.45 microns
(microporosity). In other words, while the volume of macropores reduces, that of micropores increases.

As aforementioned, suction reduction (wetting) may induce expansion or collapse of the soil structure. Consider a soil
subjected to certain suction level. In that case, solid particles are linked by water menisci that induce additional contact
forces to these particles. When the soil is soaked, water menisci are destroyed and a general elastic rebound of the material
is observed.

Collapse has been frequently related to silty sands subjected to loading while suction is present [21,22]. In this case,
relatively large soil grains (sands) are linked by small packets of silt and clay (Fig. 3) which maintain larger grains practically
immobile [21,23] when the soil is subjected to further loading. Because the strength of the packets depends on the amount
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Fig. 2. Modification of samples fabric when suction is increased from 0 up to 400 kPa [17].
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Fig. 4. Evolution of the PSD during wetting: (a) 70-30% Kunigel clay/Hostun sand mixture [24], (b) speswhite kaolin clay [25].

of water, when the volume of water is increased in the sample, the whole structure collapses, inducing plastic volumetric
strains. The amount of collapse depends on the level of external loads.

From an elastoplastic point of view, elastic deformations during wetting or unloading do not generate important changes
in the PSD of the soil. However, plastic deformations during collapse and virgin loading generate an irreversible change in
the PSD due to the shrinking of macropores.

From the analyses of the experimental results shown in Figs. 1, 2 and 4, it can be said that the evolution of the PSD shows
a reduction of the relative volume of macropores while that of micropores increases (see Figs. 1a, 2 and 4a). Notice however
that, the general shape of the distribution of macropores remains practically unchanged. Because volumetric deformation is
largely due to the shrinkage of macropores [19] and in order to keep the modeling as simple as possible, it is considered
here that macropores in general shrink to smaller sizes. This type of behavior can be easily introduced in a porous model
to simulate the evolution of the SWCCs with volumetric deformation.

3. Model formulation
3.1. Network construction

The two-dimensional porous model presented here includes two types of entities: the sites and the bonds. The sites or
cavities are the larger pores that contain most of the volume of pores (see Fig. 5) and they are linked by the bonds. The
volume of bonds is negligible when compared with that of cavities. It has been demonstrated that when bonds are included
in porous models, the hydraulic behavior of the material can be correctly simulated [26,27]. Because drying and wetting
processes evolve differently, a higher degree of saturation is obtained during drying for the same value of suction.

PSDs may be expressed in the frequency or the volumetric domain. We propose that experimental PSDs, in the frequency
domain, can be approximated by a logarithmic normal distribution function where the mean size p and the standard
deviation o are the only parameters needed to fully describe this distribution. This is called frequency distribution f; (i, o).
A single site or bond will be called element. Hence, the ith frequency will result from dividing the total number of elements
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Fig. 5. Construction of the rectangular grid.
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Fig. 6. Experimental (black squares) and theoretical (solid line) relative volume distributions.

n; of the ith size by the total number of elements N. This proposal is a key feature of the model, which turns into simplicity.
In a bi-dimensional porous network, cavities are represented by circles. In such a case, the ith relative volume of sites V;
results from dividing the total volume of elements of a certain size by the total volume of all elements [12,28], in the form:

R? fi (. 0)

2 R? fi (i, 0)
where k is the number of size intervals in which the entire range of pores is divided (see Fig. 6). We arrange three vectors
containing k elements: a sorted vector R; containing the sizes, a vector containing the f;(u, o) and a vector containing the
V g; distribution obtained through Eq. (1). An example of the plot of R; versus Vg; is shown in Fig. 6 where the first letter
of the subscripts denotes sites S and the second one denotes macro- or micropores, M or m, respectively. It is important to
highlight that these vectors should be computed for both types of pores (sites and bonds).

The procedure to build a bidimensional porous structure of a soil is as follows. We choose at random one of the n;
elements to place in the grid. Then the coordinates of the position of this element on the grid are also chosen at random.
Because soils are extremely complex structures, randomness is of paramount importance; however, some limitations must
be brought as we build the porous network to make it physically possible. Rojas et al. [27] propose the following geometrical
constraint in order to avoid the overlap of two concurrent bonds that meet at 90° in a site:

Rs > \/R%, +RZ, (2)

where Rp; and Ry, are the radius of two adjacent bonds connecting to a site with radius Ry (Fig. 7). The condition
established by Eq. (2) also ensures that bonds are always smaller than the sites they connect. Those elements that do not
comply with Eq. (2) are redistributed in the network until all nodes satisfy the geometrical constraint.

When the size distributions of sites and bonds overlap, a phenomenon of segregation appears where different zones with
large, medium and small pores can be found in the model. This phenomenon allows simulating the structure of real soils
where small particles gather naturally forming aggregates.

The number of elements n; of each size can be obtained with the relationship n; = f; x N, where N is the total number
of nodes in the grid.

(1)

Vgi=

3.2. Boundary curves

Once the network has been built, wetting and drying processes can be simulated and the SWCCs can be built. The
wetting process is simulated, starting with a completely air-filled grid where suction is reduced by steps. The smallest pores
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are the first to fill with water. At certain point, the limit in the size of pores that can be saturated is given by the critical
radius as shown in Fig. 8. This position is called here wetting front.

Bonds can saturate when the following two conditions are fulfilled: (a) at least one of its connected sites is already filled
with water and (b) its radius is smaller or equal to the critical size Rc obtained from the Laplace equation. Boundary bonds
only need to comply with the second condition as one of their ends is directly connected to the bulk of water. Similarly,
the conditions for a site to saturate are: (a) at least one of its connected bonds must be filled with water and (b) its radius
must be smaller than or equal to Rc.

At each decrement of suction, all entities are tested to fulfill the two conditions. If a bond does, it becomes “water-
activated” and its connected sites are analyzed searching for further activations. When a site is activated, automatically all
of their connected bonds are activated as they are always smaller than the site. The process stops when no other element
can be activated, then a new suction decrement is applied.

For each decrement on the value of suction, the wetting front indicates which bonds and sites can saturate. Observe in
Fig. 8 that only a fraction of the volume behind the wetting front is saturated. This implies that not all sites that are able to
saturate in the network comply with the first of the two conditions stated before. If no bubbles are trapped and all pores
are connected, eventually all bonds and cavities reach the water-filled condition. The degree of saturation is computed as
the current amount of water invading the pores divided by the total volume of voids:

«“,

Sy =Vw/Vy (3)

During the drying process, the drying front moves from right to left. Initially, all pores in the network are filled with
water, suction is nil and the drying front is placed at Rpax. A site can dry if it complies with the two following conditions:
a) at least one bond connected with the considered site is already dry, b) its radius is equal or larger than the critical size
defined by the drying front. Similarly, a bond can dry if it complies with the following conditions: a) at least one of its two
connected sites is already dry, and b) its radius is larger than the radius defined by the drying front. When a bond dries,
automatically all of their connected sites also dry because the latter are always larger than the former.

3.3. Scanning curves

Scanning curves are intermediate processes carried out when a wetting or drying path is inverted before reaching Rmax
or Rpyin. Consider for example a drying front moving from Rpax towards Rpin and stopping at Rj,, where a wetting process
initiates (see Fig. 9). At this point, the dark area represents the saturated pores while the white area below the curve
represents the dried pores. Therefore, only the dried pores will be able to saturate during the wetting process. After the
inversion, the procedure to determine the pores that saturate proceeds exactly as in a regular wetting process where only
the dry entities in the grid are tested to fulfill the conditions to be filled with water. In this way, when the degree of
saturation is computed, it naturally converges towards the boundary curve. It may occur that during drying, a cluster of
saturated pores forms because they are surrounded by smaller pores that require larger suction levels to dry. This is the
well-known ink-bottle effect for porous media [1], which can be correctly simulated by the proposed model.
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3.4. Volume change

For double structured soils, two relative volume normal distributions are needed to simulate their internal structure.
These distributions are V sy (4sm, 0sm) and Vsy (sm, osm) for the case of intra-pores (micropores) and inter-pores (macro-
pores), respectively. In this way, the final distribution can be expressed as:

VRs = g (4sm, Osm, LsM, OsM) (4)

The procedure to determine g in Eq. (4) will be described in the next section. As stated before, it is considered here
that during volumetric deformations, macropores shrink to smaller sizes. Some experimental observations indicate that the
relative volume distribution of macropores displaces to the left-hand side, implying that their mean size reduces.

3.5. Model implementation

The void ratio can be obtained by adding the volume of all pore sizes when it is considered that the volume of solids is
unit. Then, according to Fig. 6 and considering Eq. (1) for a bidimensional porous network, the void ratio e of the sample at
certain point of the deformation can be expressed as follows:

k
e=ey+emn=fa-m Z(R,Z < fi (usm. osm) - Fpv + R? - fi (sm. Osm)) = fa - eg (5)

i=1
where ey, and ey are the total volumes of the micro and macroporosity respectively, f; is the initial ith value of the normal
frequency distribution function, R; is the corresponding pore radius, eq is the void ratio of the sample at the beginning of
the simulation. Parameter Fpv represents a relative volume factor that reduces the total volume of macropores to make it
consistent with the volume of micropores and the void ratio of the sample. Factor fa allows retrieving the void ratio of the

deformed sample and is given by:

e
a=
YK (R? - fi (sm. Osm) - Fpv + R? - fi (fAsm, Osm))

The model considers that volume strains are due solely to the shrinkage of macropores. Then if all parameters of the
pore size distribution are kept constant except the mean size of macropores uswm, Eq. (5) can be written as a function of
sm. This equation has been plotted in Fig. 10 and can be used to determine the exact value for parameter usy such that
the distribution of the relative volume of sites Vs retrieves the required void ratio.

The total volume of micropores ey and macropores ey shown in Fig. 10 are 0.39 and 0.81, respectively, representing
a void ratio of 1.2. This figure shows how the void ratio reduces with parameter wsy. Eventually, the sample may reach
a point where macropores almost completely disappear (usy = 0.05), while the void ratio remains practically unchanged
with further reduction of parameter wusy. This point may correspond to the contraction limit of the material.

(6)
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Table 1

Parameters used to reproduce the SWCCs of a volcanic soil.
Hsm OsMm Msm Osm H“BM OBM MABm OBm
0.010 7.000 0.001 4.000 0.500 6.000 0.001 5.000

Finally, the relative volume distribution for each void ratio can be obtained with the new mean size of macropores (tsymm
obtained from the calibration curve (Eq. (7)):

(R? - fi(tsmm. osm) - Fpv + RZ - fi(ism., Osm))
ZKRZ - fi(iusmm, osm) - Fpv) + 12K (R2 - fi(sm, osm))

Each time that the void ratio of the sample changes, the new SWCCs can be determined with the procedure outlined
above. When the material is deforming due to suction increase, every single point of the SWCC has to be recalculated by
reinitiating the simulation from the initial point of the curve or from the inversion point when wetting-drying cycles are
being applied. This is so because the PSD modifies itself for each increment of suction and therefore the volume of intruded
water in the deformed pores also changes. This process continues till the end of the test.

For each increment or decrement of suction, the degree of saturation is computed using Eq. (3) and the SWCC in drying
or wetting can be plotted. The size of the network used for these particular simulations was 1000 x 1000 elements. It is
worth mentioning that further simulations with larger grids have shown that the size of the network does not influence the
results when it is made of at least 1000 x 1000 elements.

(7)

VRgsi =

4. Numerical and experimental comparisons
4.1. Volcanic soil

Ng and Pang [29] prepared compacted soil samples from a soil mixture containing 4.9, 20.1, 36.6 and 37.1% of gravel,
sand, silt and clay, respectively. This soil is classified as high-plasticity sandy silt clay. Three samples were statically com-
pacted to different densities in an oedometer ring and their SWCCs during drying-wetting cycles were obtained using
pressure extractors (see Fig. 11). The initial void ratios for each sample were 0.782, 0.747 and 0.712, respectively.

The initial PSD parameters for the porous model were obtained by simulating the drying-wetting cycle of the sample
compacted at a void ratio of 0.782. The resulting parameters are depicted in Table 1. Relative volume factors of 0.00008 and
0.00145 for macropores and larger bonds were used respectively. Using Eq. (6) factor fa =218.84 is found for e = 0.782. The
number of divisions in which the relative volume distribution has been discretized was k = 200 (see Fig. 6). As explained
earlier, it is assumed that only macropores shift to smaller sizes, hence, parameters osm, [4sm, Osm, 4BM, OBM, UBm and opm
remain constant when simulating the SWCCs for void ratios 0.747 and 0.712.

Fig. 12 compares model predictions and experimental measurements. Predicted PSDs are also shown in Fig. 12d. Observe
that the proposed model adequately simulates the evolution of the SWCCs with the volumetric deformation.

4.2. Pearl clay

Sun et al. [30] obtained the SWCC during wetting-drying cycles of samples containing 50% of silt and 50% of clay
called Pearl clay. The liquid limit and the plastic indexes for this material are 49% and 22%, respectively. The soil can
be classified as clay of low compressibility according to the Unified Soil Classification System. Two statically compacted
samples were prepared at initial void ratios of 1.08 and 1.78 to obtain their SWCCs. The specimens, 3.5 cm in height
and 3.5 cm in diameter, were tested in a suction controlled triaxial cell. Volumetric strains were measured during the
entire wetting-drying cycle. Fig. 13 depicts the experimental SWCCs of a sample tested at an initial void ratio of 1.088
corresponding to a degree of saturation of 58.5% (point A). Then the sample was subjected to wetting-drying cycles.

In order to find out the parameters of the model at the initial conditions, the experimental points of the first wetting
(path AB) were used. This is so because no important volume change occurs during this cycle (path AB). In addition, at
the end of compaction, the state of the sample is close to that on the main drying retention curve. This consideration
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comes from the fact that, when samples are being statically compacted, their degree of saturation increases. Then, when
the stress is released, a small relaxation occurs and consequently the degree of saturation decreases. Therefore, at the end
of compaction, the soil sample lies close to the drying curve, although most probably not exactly on it. Then, the simulation
to obtain the initial parameters of the soil starts at point B in Fig. 14, then reaches point A and comes back to point B. The
parameters resulting from this simulation are shown in Table 2. Relative volume factors of 0.02 and 0.001 were used for
macropores and larger bonds, respectively.

Once the parameters of the model have been obtained, it is possible to simulate the entire wetting-drying path, including
the effect of volumetric deformation (Fig. 15a). The PSD of the material was updated for each increment of suction till the
end of the test.
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Table 2
Model parameters for soil sample compacted at e =1.08.
Hsm Osm MAsm Osm MBM OBM MBm OBm
0.2 4.0 0.04 3.0 0.1 3.58 0.001 10.0
1.0 1
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Fig. 15. (a) Numerical (solid line) and experimental (E) predictions on the SWCC and (b) relative volume distribution evolution.
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Fig. 16. (a) Experimental SWCCs for sample compacted at e =1.78 and (b) volume change characteristics. Experimental data by Sun et al. [30].

Fig. 15b shows the PSD for points B and D. It can be observed that the evolution of this curve is rather small, because
the change in the void ratio during the test is also small, as shown in Fig. 13b.

Another sample was compacted at an initial void ratio of 1.78 and subjected to wetting-drying cycles while the volu-
metric deformation was recorded. Fig. 16a shows the shift of the retention curve with suction, while Fig. 16b shows the
volumetric strains of the sample during the test. A small drying process was initially carried out from point A to point B.
Then the sample was subject to three large wetting-drying semi-cycles. Observe that even if most of the volumetric defor-
mation of the soil occurs during the initial wetting path BC, most of the shifting of the retention curve occurs later. This
volumetric reduction indicates that macropores are collapsing during wetting. In contrast, no appreciable volume change
occurs following paths AB and DE.

The same procedure used before to determine the initial model parameters is applied here. The initial part of the first
drying (path AB) can be considered as a portion of a scanning curve. This is so because, as aforementioned, at the end of
compaction the soil sample lies close to the main drying curve, although most probably not exactly on it. After a small
increment of suction, the main drying curve is reached. Also observe in Fig. 16b that during the small cycle ABB’, the soil
practically does not show any volumetric change. Then, it can be considered that, excluding the initial part of path AB, the
experimental points of the path ABB’ represent a small cycle of the initial SWCCs of the material. By fitting the numerical
with the experimental retention curves along this path (Fig. 17), the initial parameters of the porous model can be obtained.
These parameters are shown in Table 3. Relative volume factors of 0.02 and 0.001 were used for macropores and for the
larger bonds, respectively. Using Eq. (6), a factor fa = 0.60 was found for the initial void ratio. Note that the fitting procedure
provides the same parameters for both Pearl Clay samples. This is consistent, since both samples were built up from the
same type of soil at the same water content.

Once the initial parameters of the model have been obtained, it is possible to simulate the shift of the retention curve
with volumetric deformation. Fig. 18a shows this shifting following the full drying-wetting path. Fig. 18b depicts the relative
volume distribution at the initial conditions (point B) and at the end of the last wetting cycle (point E in the same figure).
Notice that this sample exhibits a clear change in the relative volume distribution of macropores when compared with the
results of the previous sample (Fig. 15b). This is due to the small volumetric deformation observed in the last case. Also
notice that numerical simulations follow quite accurately the shift of the retention curve. It is worth noting that model
parameters are kept the same for both samples (e = 1.08 and e = 1.78).
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Fig. 17. Procedure to approximate the initial network for point A.

Table 3
Model parameters for soil sample compacted at e =1.78.
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Fig. 18. (a) Numerical (solid line) and experimental (scattered lines) result comparisons of SWCCs, and (b) PSD evolution through path BC.

5. Conclusions

A model to predict the evolution of the SWCCs of soils based on the volumetric deformations has been presented herein.
The SWCC during wetting-drying cycles is obtained by simulating intrusion and drainage of water in the porous structure
of the material. The porous structure of the soil was modeled as a bidimensional network built with entities such as sites
and bonds. By fitting the numerical with the experimental SWCCs, the pore size distribution of the soil can be obtained.
This pore-size distribution is used to define the number of entities of each size.

The shift of the SWCCs with the volumetric deformation of the soil is modeled by doing a simple assumption: the
reduction of the mean size of macropores in the network occurs homogeneously when an increment of the mean stress
or suction is applied. With this assumption, the proposed porous model is able to simulate quite precisely the shift of
the SWCCs with volumetric deformations produced by collapse upon wetting, loading or drying. This paper shows that
reducing homogeneously the mean size of the macropores is sufficient to correctly describe the deformation mechanism of
double-porosity media.
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