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ABSTRACT

Buildings built on shrink-swelling soils may experience serious damage due to volumetric strains.
These strains are produced by drying-wetting cycles generated when water content fluctuates in the
mass of soil. In order to study this behavior, theoretical models taking into account the soil-water
retention curve have been developed. The retention curve is used to indirectly estimate some
parameters describing the hydraulic behavior of soils, as for example the hydraulic conductivity and
the diffusion coefficient. The precision of indirect methods to determine the hydraulic parameters
depends largely on the accuracy of the experimental points of the soil-water retention curve and the
equations used to simulate this curve. However, it is possible to skip the second step and simply
use the experimental data of the characteristic curve to obtain these parameters. Therefore, a
procedure based on an interpolation method with variable increments is proposed. This procedure
generates a polynomial equation for the retention curve which simplifies the method and avoids
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errors caused by the fitting process of the theoretical with the experimental retention curve. In
addition, no fitting parameters are required with this procedure. The results obtained with this
method are similar to those reported by the traditional indirect methods.

Keywords: Unsaturated soils; indirect method; hydraulic conductivity; diffusion coefficient; soil water

characteristic curve.
1. INTRODUCTION

Shrink-swelling soils can be found anywhere in
the world in countries such as Argentina,
Australia, Brazil, Canada, Colombia, Cuba,
Ecuador, Spain, USA, Mexico, Peru, Russia,
South Africa, and Venezuela [1]. Several states
in Mexico have reported damages associated
with these types of soil. In fact, The American
Society of Civil Engineers estimates that 25% of
all households in the United States have
sustained some damage caused by expansive
soils [2]. The US Federal Agency for Emergency
Management estimated that the annual loss
generated by these soils was around seven
billion dollars in 2012. In that sense, the
prediction of the hydro-mechanical behavior of
shrink-swelling soils is an issue of paramount
importance in unsaturated soil mechanics [3,4].

Different indirect methods for predicting the
hydraulic parameters of soils through the Soil-
Water Retention Curve (SWRC) have been
developed. The determination of the hydraulic
properties through these indirect methods has
shown important advantages over direct
methods, since the former reduce significantly
the time and the cost of laboratory tests without
loss in precision [5]. Most indirect methods are
based on the use of the SWRC to obtain the
hydraulic conductivity (k) and the diffusion
coefficient (D). The hydraulic conductivity can be
obtained from the saturated permeability and the
SWRC of the soil [3,6]. In addition, the diffusion
coefficient can be obtained from the hydraulic
conductivity and the slope of the SWRC at the
considered value of suction.

Among the most popular indirect methods are
the equations proposed by van Genuchten [5]
based on Mualem’s model. These equations
simulate the SWRC and the hydraulic
conductivity of the soil as a function of matric
suction. It is also possible to determine the
diffusion coefficient in terms of the volumetric
water content (8) or the degree of saturation of
the soil (Sr).

Fredlund and Rahardjo [7] developed a pair of
equations based on the proposal by Kunze et al.

to estimate the hydraulic conductivity of soils. In
this procedure, the full range of water content in
the characteristic curve is divided in N intervals
of the same magnitude AB6. To this purpose, it is
necessary to fit the numerical SWRC with
experimental data using a proper equation. This
procedure has proven to be adequate for the
estimation of the hydraulic properties of soils.
However, in some cases, there is poor
correlation between the experimental data and
the numerical curve, meaning that the
parameters obtained do not represent the
properties of the real soil. This is especially true
for the case of double structured soils.

Inasmuch as the SWRC is used to predict the
hydraulic  conductivity and the diffusion
coefficient of unsaturated soils, it is of primary
importance to simulate this curve as accurately
as possible [6,8]. An alternative to the fitting
process of the SWRC, is the direct use of the
experimental data. In such a case all points of
the SWRC are linked together using a polynomial
function which is used to determine the hydraulic
parameters of the soil. This paper describes the
procedure.

2. ANTECEDENTS
2.1 Shrink-swelling Soils

Expansive soils often contain minerals, such as
montmorillonite [2], and are recognized as
problematic as they severely compromise the
civil structures built on them [9]. Especially lightly
loaded structures built on these soils may
damage as a result of changes in soil water
content [10]. The problems caused by these soils
can be attributed to the poor understanding of
the volume changes caused by variations in
water content [9] in swelling-expansive soils.
Expansive soils are capable of adsorbing water
in their internal structure, and when water
content increases, so does their soil volume. This
change in volume can exert sufficient pressure
on the structure to cause damage (see Fig. 1b).
During drying, expansive soils shrink, causing a
contraction that can affect building support
and give rise to adverse subsidence (see Fig.
1a). The wetting-drying process produces
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shrink-swell cycles that subject structures to
repetitive stresses [2].

2.2 Hydraulic Parameters

Water flow in porous media has been of interest
since the beginnings of soil mechanics [13].
Water flow induces changes in suction to
unsaturated soils [3]. There are seasonal wetting
and drying cycles that take place throughout the
year. Leaks from water pipes or drainage
systems sometimes occur and lead gradually to
the saturation of the surrounding soil. These
processes produce changes in suction that
generate volumetric deformations in the soil. The
most severe problems associated with
deformations are related to expansive,
collapsible, and bad compacted materials.
Hence, the description and prediction of water
flow through unsaturated soils require an
adequate  knowledge of their hydraulic
conductivity and diffusion coefficient [14,15].

2.2.1 Hydraulic conductivity (k)

The water flow in saturated soils is commonly
described using Darcy’s law. This law states that
the rate of water flow through a mass of soil is
proportional to the gradient of hydraulic head [7]:

) k. Oh,
Oy (1)
Where: k,, is the saturated permeability

coefficient, oh,/oh is the gradient of hydraulic
head.

The proportionality term (ky) in Equation
(1) describes the ability of a specific porous
medium under specific conditions to transmit a
specific fluid [16]. Darcy’s law also applies to the
flow of water through unsaturated soils, although,
in this case, the proportionality term, called
hydraulic conductivity, cannot be assumed as
constant [7]. This is so because this parameter
depends not only on material variables such as
the structure of pores (void ratio and porosity)
and the properties of the pore fluid (density and
viscosity) but also on the relative amount of pore
fluid in the system (water content or degree of
saturation). The relative amount of fluid in the
pores of the system can be described in terms of
matric suction k(y), degree of saturation k(Sr), or
volumetric water content k(8) [16]. In that sense,
the SWRC can be visualized as the configuration
of water-filled pores [7] which is different at

wetting and drying. This phenomenon is called
hysteresis of the SWRC. When the hydraulic
conductivity is plotted in terms of suction, the
phenomenon of hysteresis becomes apparent as
it is directly linked to the SWRC. However, when
this parameter is plotted in terms of volumetric
water content, k(B), or degree of saturation, k(Sr)
hysteresis is not as noticeable [16].

There are two techniques to measure the
hydraulic conductivity: the direct and the indirect
methods, which can be used in the laboratory or
in-situ tests [3]. Among the direct methods the
steady state and the instantaneous profile
methods are the most commonly used. During a
steady-state test the hydraulic head, the matric
suction, and the water content of the soil remain
constant while the volume of drained water
during a certain time is measured. The hydraulic
conductivity determined in these conditions is
related to the matric suction or water content of
the sample. The experiment is repeated for
several values of matric suction or water content.
Instead, during the instantaneous profile method,
a continuous water flow is applied at one end of
the sample. Using the SWRC of the soil and
psicrometers located in different sections of the
sample, the hydraulic head (represented by
suction) and the change in water content at
various points along the specimen can be
obtained [7]. Then, using the flow equation it is
possible to obtain the hydraulic conductivity as a
function of suction. Some permeameters are
fabricated in demountable sections with a
psicrometer placed at the center of each section.
This arrangement allows determining directly the
water content at each section while the SWRC of
the sample is simultaneously obtained. A
drawback to these experimental procedures is
that they take several months, making them time
consuming and expensive [3].

Among the indirect techniques, there are three
types of functions: empirical or semi-empirical
equations, macroscopic models and statistical
models [8]. Empirical or semi-empirical equations
can be obtained from the combination of analysis
with direct measurements. The resulting
equations describe the variation in permeability
as a function of suction or volumetric water
content [3]. In this category, are the equations
proposed by Richards (1931), Wind (1955),
Gardner (1958), Richards (1967), Davidson et al.
(1969), Cambell (1973), Ahuja (1974), Dane and
Klute (1977).
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Fig. 1. Building damage: Produced by a) shrinkage [11], b) swelling [12]

Among macroscopic models, the one proposed
by Rahardjo is between the most popular. In this
model, water flow is supposed to be laminar [3]
and the hydraulic conductivity is written as a
function of the effective degree of saturation (S,),
in the form:

k.=S8? )

Where k; is the relative hydraulic conductivity, &
is the constant depending on soil type. The
effective degree of saturation is defined as

(S-5,)
S = "rJ
©(8s-5,) ®

Where: S is the current degree of saturation of
the sample, Sr is the residual degree of
saturation and Ss is the maximum degree of
saturation reached at wetting. According to
Brooks and Corey, this model was made without
considering the effect of the size distribution of
pores and therefore led to disputes on the value
of & [3].

In statistical models, hydraulic conductivity is
determined through the SWRC. Mualem [17],
introduced a statistical model based on two
assumptions: the first one states that pores of
different sizes are randomly distributed in the
porous media. The second assumption states
that the average flow velocity (u) given by
Hagen-Poiseulle’s Equation (4), should be
incorporated in the model [3]. This parameter
writes:

2
- r d
Cu N\ dx
Where: r is the hydraulic radius, d¢/dx is the
hydraulic gradient, g is the gravitational constant,

C is a shape factor, and u is the kinematic
coefficient of viscosity.

A very popular statistical model is that proposed
by Fredlund and Rahardjo [7]. This model was
derived from the procedure outlined by Childs
and Collis-George [7] using Poiseuille’s regime
and the bundle of capillary tubes model. This
method was improved by Marshall (1958) then
modified by Kunze et al. (1968). The hydraulic
conductivity of the soil is obtained by dividing in
N equal intervals the SWRC of the sample along
the volumetric water content axis. The hydraulic
conductivity function is then written as:

_k, Tp, 808 -] (2j+1-2i)
k©O)= PN Z{ v } (5)

sc

Ji

where: A8 is the variation in water content for
each interval, m represents the last interval
corresponding to the lowest volumetric water
content on the experimental SWRC (8,), i is the
interval at which the hydraulic conductivity is
being obtained, T is the interfacial air-water
tensional force, p,, is the water density, g is the
gravitational acceleration, p, is the absolute
viscosity of water, 65 is the saturated volumetric
water content, p is a constant considered equal
to 1, yj; is the matric suction at the jy, interval. The
term  ¥2,{(2j+ 1-2D)(w);?} describes the
shape of the hydraulic conductivity function, and
ks is the saturated coefficient of permeability
measured in laboratory test. Finally, ks is the
theoretical saturated permeability coefficient
calculated for i=1, in the form:

T:p, g0 3| (2 +1-20)
k, =15 Pu8% S @I (6)
2u,N" S (‘//),-

Notice that by substituting Equation (6) into (5),
the hydraulic conductivity (k;) can be written as:
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g(zjﬂ—zi)}

k.(6) =k, IS
g(zjﬂ—zi)} @
= (’//)i

2.2.2 Diffusion coefficient (D)

The transient flow of water through soil is a
diffusion process controlled by the diffusion
coefficient. For an unsaturated soil, this
parameter is a function of water content in the
form D(B). Its value is defined as the ratio of the
hydraulic conductivity k(B) with the slope C(8) of
the SWRC at the corresponding water content
and divided by the dry density of the soil (pg)
[8,16].

k.
D, =—- ®)

- Cp,

The slope of the SWRC represents the variation
of water content (8) per unit of suction change
(p). This parameter is known as the specific
moisture capacity C(8) and can be written in the
form [16]:

_do

Cw)_dw

9)

When transient flow experiments are designed to
determine directly the diffusion coefficient and
the SWRC is available to obtain the specific
moisture capacity (C) then, Equation (9) can be
used to determine the hydraulic conductivity of
the material. Among direct tests, the horizontal
infiltration method involves the analysis of the
distribution of water content in a horizontal
column of soil at different intervals during the
gradual increase of water up to 100% of
saturation. Given the initial and boundary
conditions of the system, the one-dimensional
diffusion equation is used to determine the
diffusion coefficient. Other methods are disclosed
in Lu and Likos [16]. Some disadvantages are
that the devices used in these tests are
expensive and measurements are slow and
difficult to perform. Because of this, researchers
have been looking for ways to determine the
diffusion coefficient through indirect techniques
based on empirical correlations between index
properties [18] or the use of the SWRC itself.
Among the most commonly used methods are

the equation proposed by Aubeny [19] and Li
[20], which use the slope C(8) of the SWRC, the
dry soil density (pg) and the hydraulic
conductivity (k). Because these processes
reduce the cost and time required for analysis,
they are becoming increasingly popular in
unsaturated soil mechanics.

Lu and Likos [16] show a procedure derived from
the van Genuchten’s equation [5], where the
SWRC is related to the effective degree of
saturation (S,), in the form:

Where: @ is the suction, a, m, and n are
empirical parameters.

(10)

Then, the hydraulic conductivity function is
written in terms of the effective degree of
saturation.

by =sPh-(-s) | (1)

Where: k is the hydraulic conductivity, S, is the
effective degree of saturation.

Finally, it is possible to calculate the diffusion
coefficient using Equation (9).

2.3 Soil-water Retention Curve

Water flows from larger potential to lower
potential zones. The potential energy per unit of
water refers to the work required to bring a unit of
water from a standard reference state to the
considered point. Soil water is subjected to field
forces resulting from the attraction of the solid
matrix, the presence of solutes, the action of
external pressure and the gravitational attraction,
among others. The pressure potential is
considered positive if the pore water pressure in
the soil is larger than the atmospheric pressure,
and negative if it is lower. The latter is referred as
matric suction (y) when taken in absolute value.
Matric suction results from capillary forces
between solid particles and water [13].

When soil matric potential measurements are
plotted along with their corresponding water
contents or degrees of saturation, a Soil-Water
Retention Curve (SWRC) is obtained [21].
Several techniques for measuring matric suction
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of soil are available: direct and indirect methods.
Direct methods determine the negative water
pressure in the soil pores (uy), then the matric
suction (us,-u,) can be computed when the
atmospheric pressure is taken as the reference
pressure. Tensiometers, the axis translation
technique, and filter paper technique, thermal
sensors and electrical conductivity. In recent
works, Patil et al. [22] used the Tempe Cell to
evaluate the SWRC of a silty sand up to the 500
kPa matric suction values and for values beyond
the 10,000 kPa used the steam balancing
technique using an automatic chamber ff relative
humidity (Auto-RH). The latter device has been
used to characterize [22] and model the elastic
characteristics of compacted arenas [23].

The SWRC is strongly affected by the structure
and the pore size distribution (PSD) of the soil.
For example, in clays where the pore size may
vary from very large to very small, the slope of
the curve smoothens [13]. In contrast, in sandy
soils, the gradients of the SWRC are steepest
because the PSD is more homogeneous.

The SWRC is not unique but it depends on the
wetting path. This phenomenon is called
hysteresis [14] and is caused by the presence of
interconnected pores of different sizes that are
randomly distributed. This phenomenon can be
reproduced using porous models [24].

The hysteresis of the SWRC is an important
phenomenon that must be taken into account
during wetting-drying processes [16], since
changes in soil moisture depend on hydrological
process, such as infiltration, evaporation and
evapotranspiration. This process generates
wetting-drying cycles which can be reproduced
using the primary curves as shown in Fig. 2 [25].

The SWRC can be used to determine different
parameters that describe the behavior of
unsaturated soils [6]. The correct description of
these curves is of primary importance when the
hydromechanical coupling of unsaturated soils is
considered. Hydromechanical coupling refers to
the fact that shear strength and volumetric
behavior depend not only on the applied stress
and suction, but also on the degree of saturation
(Sr) of the material [26]. Some methods for the
determination of the hydraulic parameters
through the fitting of the SWRC with numerical
models have been derived. However, in some
cases the adjustment of the SWRC cannot be

performed accurately, so that the determination
of hydraulic parameters is also inaccurate. That
is why Fredlund and Rahardjo [7] specify that the
reliability of hydraulic parameters depends not
only on the equations employed to simulate the
SWRC but also on the accuracy to adjust the
SWRC.

This study presents an alternative method for

determining the hydraulic parameters of
unsaturated  soils  directly  through the
experimental points of the SWRC. In
consequence, the hydraulic parameters are

not influence by the accuracy of a fitting
process.

3. DESCRIPTION OF THE PROCEDURE

In many cases, the design and construction of
buildings on expansive and collapsible soils [9],
do not take into account the relationship between
hydraulic and mechanical behavior [27,28].
These soils undergo cycles of swelling and
shrinkage due to seasonal changes in water
content. In that sense, it is important to measure
the hydraulic conductivity and diffusion
coefficient during wetting-drying cycles in order
to assess the influence of hysteresis on these
parameters. Therefore, the study of the hydraulic
conductivity and diffusion coefficient of
deformable unsaturated soils is of great scientific
and commercial interest.

At its current state, the model evaluates the
hydraulic conductivity (k) and the diffusion
coefficient (D) from the primary wetting and
drying SWRC. However, the model can be easily
extended to simulate wetting-drying cycles.

The proposed procedure develops in three
stages and requires the following data: the
saturated permeability (ks), the dry density of the
soil (pq), the number of experimental points of the
SWRC for each path (n4 and n,,), the saturated
water content (6;), the residual water content (6,),
and the number of intervals (M) in which the
water content range is divided. M also represents
the number of points for which the values of
suction, hydraulic conductivity, diffusion
coefficient and degree of saturation will be
obtained. Fig. 3 shows the flowchart of the
computer program to determine the hydraulic
conductivity and diffusion coefficient of an
unsaturated soil through the polynomial
adjustment of the SWRC.
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Main drying curve

v

Secondary

Primary
wetting curve

Tertiary wettin,

curve

drying curve

Degree of Saturation (Sr)

Main wetting curve

Suction (i)

Fig. 2. Primary, secondary and tertiary wetting and drying paths of unsaturated soil [25]

The hydraulic permeability (k)

depends on suction?

Permeability Coefficient
(Kex) base (m/s).

Experimental permeability coefficient (m/s).
Dry density of soil (kg/m?).

Number of experimental points of main DRYING curve.
Number of experimental points of main WETTING curve.
Saturated water content.

Residual water content
Desired number of intervals.

W

Insert the experimental values of matric suction and water content from main DRYING curve,
Insert the experimental values of matric suction and water content from main WETTING curve.

W
The experimental data entered are stored in a table
Suction-Degree of Saturation- Water Content.
v
Compute the equation of the main DRYING curve.
Compute the equation of the main WETTING curve.

(log suction, degree of saturation)).

/ Plot the main DRYING and WETTING SWCC /

The water content range of the DRYING and WETTING
curves are divided into a number of intervals.
Compute the matric suction for each water content.

v
Compute the hydraulic conductivity for each point of the
DRYING and WETTING curves.
This data is stored in a table Suction-Hydraulic conductivity .

The Hydraulic Conductivity Function (HCF )is plotted for the DRYING and
WETTING path (log suction, log hydraulic conductivity).
W
Compute the diffusion coefficient for each of the points of the
DRYING and WETTING curves.
This data is stored in a table Water content- Diffusion coefficient.
W
/ D is plotted for the DRYING and WETTING paths /

(degree of saturation, log diffusion coefficient).

Fig. 3. Flow chart for the estimation of the hydraulic parameters of unsaturated soils
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During the first stage, the experimental values of
matric suction and degree of saturation during
drying and wetting (wg, Srg and Wy, Srw
respectively) are introduced. Then, the SWRC
graph is constructed.

With the use of the saturated (6s) and residual
(Or) water contents of each path, it is possible to
determine the relative volumetric water content
(©) in the form:

0-6

o (0-0)
(HS - 07‘ )

Then, it is possible to plot the SWRC in terms of

matric suction or the relative volumetric water
content.

(12)

These experimental points are stored in a table,
where the degree of saturation (Sr), the
volumetric water content (8) and soil suction (y)
are recorded in different columns. With this table,
a polynomial of degree n-1 is determined for
each path of the SWRC. Intermediate points are
obtained by variable increment interpolation.

In the second stage, the hydraulic conductivity is
determined using Equation (5). To this purpose
the retention curve can be divided into a number
of constant increments (M) of water content
using the polynomial form of the SWRC. It is
worth mentioning that the accuracy of the
method increases with the number of
experimental points.

The third and last stage involves the estimation
of the diffusion coefficient as proposed by
Equation (8). The slope (C) can be determined
using the polynomial equation of the SWRC. To
this purpose, the slope at the required value of
suction is computed (Equation (9) considering a
very small increment of water content (0.001 8).
Thus, for each one of the sections in which the
SWRC has been divided there will be an
associated water content, a value of suction, a
hydraulic conductivity and a coefficient of
diffusion.

The process ends with the plot of the degree of
saturation or matric suction with the diffusion
coefficient (D) for both paths wetting and drying.
4. NUMERICAL COMPARISONS

In order to verify the capabilities of this procedure
to determine the hydraulic parameters of the soil

through the use of experimental SWRCs, the
results reported by some researchers have been
used. The results obtained with the proposed
method were compared with the experimental
data and also with the results obtained from two
methods commonly used: the van Genuchten [5]
and the Fredlund and Rahardjo [7] methods.

Fredlund and Rahardjo [7] reported the SWRCs
of a sand using the volumetric pressure plate
(see Fig. 4). They also reported the hydraulic
conductivity obtained with the steady-state
method in drying [7]. With the method proposed
in this paper, it is possible to determine the
hydraulic conductivity for both paths (see

Fig. 5) and define if the phenomenon of
hysteresis has influence on the hydraulic
conductivity, as described by Lu and Likos [16].
The results were compared with those obtained
from other methods (see

Fig. 5).

Fig. 5 shows the comparison of the hydraulic
conductivity using different procedures. For the
application of the procedure described in this
study, the number of intervals M=40 corresponds
to the number of experimental data. It can be
noticed that the results obtained with the method
proposed here are closer to the experimental
data than other methods (van Genuchten and
Fredlund). It is worth mentioning that all the three
models show the phenomenon of hysteresis for
wetting - drying paths.

Fig. 6 shows the comparison of the diffusion
coefficient obtained with the different methods.
The results are shown for both paths using the
equations proposed by van Genuchten [5]. The
result obtained with the van Genuchten’s method
shows a rather large range of values for the
diffusion coefficient (1X10” and 2.5X10™ m%s)
when compared with the range obtained from the
other methods. The results obtained with the
procedure outlined here are close to those
obtained by Fredlund and Li especially for large
values of the degree of saturation. While the
phenomenon of hysteresis is present in both
hydraulic parameters, it is less noticeable in
the diffusion coefficient, especially for the
Fredlund and Li method and the one proposed
here.

In order to show the effect of the fitting process
of the SWRC on the determination of the
hydraulic conductivity, the SWRC of a sandy soil
reported by Lu and Likos [16], obtained from
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the steady state method, is adopted here (see Fig. 7).
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Fig. 4. Experimental SWRCs and van Genuchten’s fit for a sand reported by Fredlund and
Rahardjo [7]
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Fig. 5. Comparison of the hydraulic conductivity obtained from different methods, using the
experimental SWRC reported by Fredlund and Rahardjo [7]

The SWRCs were fitted using two of the most
popular methods in the literature: the Fredlund
and Xing [6] method and the van Genuchten’s
method [5]. Both methods show high correlations
however, a better fit was obtained with van
Genuchten’s method [5], as can be seen in Fig.
7. The hydraulic conductivity was determined
using these two methods in addition to the
method proposed herein. The results are
compared with the experimental points reported

by Lu and Likos [16] for both the wetting and the
drying paths. In this process, the hydraulic
conductivity was determined using 27 sections
corresponding to the number of the experimental
data. Fig. 8 shows that differences between
these methods increase when the correlation of
the fitted SWRCs decreases. Therefore, low
correlations between experimental data and
numerical curves results in less precision for the
hydraulic parameters.
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It is noteworthy that the results obtained with the
method proposed herein are closer to the
experimental results than those obtained with the
other methods. This shows that proposed
procedure is an improved tool for predicting the
hydraulic parameters through the experimental
points of the SWRCs.

The comparison of the diffusion coefficient
obtained from different methods is shown in Fig.
9. It can be observed that the results from

10

proposed procedure are very close to those
obtained with the van Genuchten and Li
methods. The advantage of proposed procedure
comes from the fact that the polynomial function
ensures a 100% correlation with experimental
data.

Although the adjustments of the SWRC with
experimental data using other methods may
have strong correlations (R® > 0.9500), the
hydraulic parameters show larger dispersion with
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the experimental points when compared with the
procedure proposed in this paper. The
explanation to these results is provided by Parent
et al. [8], who stated that the reliability of
hydraulic parameters depends on both the
accuracy of the fitting process and the equations
used to simulate the SWRC. The procedure
presented herein, avoids the use of a
predetermined equation as well as the fitting
process. Therefore, it is an excellent tool for the

determination of the hydraulic parameters of
unsaturated soils. The main features of proposed
procedure are: a) It avoids the fitting process
of experimental points with a predetermined
equation for the SWRC, b) proposed
procedure ensures a 100% correlation between
numerical and experimental points, c) this
correlation increases the accuracy of the
hydraulic parameters obtained for unsaturated
soils.
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5. CONCLUSIONS

The procedure described in this paper uses the
experimental points of the SWRCs to establish a
polynomial equation from which the hydraulic
parameters of the soil at wetting and drying can
be obtained. This allows the modeling of the
hydraulic behavior of soils under wetting-drying
cycles. Therefore, it can be helpful for the correct
estimation of volumetric changes on shrink-
expansive soils. This method shows the following
advantages over other existing methods: it
ensures a correlation of 100% between
experimental and numerical curves. It does not
require a predetermined equation for the SWRC.
The fitting process between the experimental and
the numerical SWRC is avoided. Finally, the
comparisons of the hydraulic conductivity
obtained with the different methods and the
experimental results allow concluding that the
method proposed herein provides better results.
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