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Abstract. The Soil Water Characteristic Curve (SWCC), also known as the soil water-retention curve, is an
important part of any constitutive relationship for unsaturated soils. Deterministic assessment of SWCC has

received considerable attention in the past few years. However the uncertainties of the parameters which affect
SWCC dictate that the problem is of a probabilistic nature rather than being deterministic. In this research, a

Gene Expression Programming (GEP)-based SWCC model is employed to assess the reliability of SWCC. For
this purpose, the Jointly Distributed Random Variables (JDRV) method is used as an analytical method for
reliability analysis. All input parameters of the model which are initial void ratio, initial water content, silt and

clay contents are set to be stochastic and modelled using truncated normal probability density functions. The

results are compared with those of the Monte Carlo (MC) simulation. It is shown that the initial water content is

the most effective parameter in SWCC.

1. Introduction

The success of any unsaturated analysis like
unsaturated slope stability greatly depends on the
input data such as SWCC that defines the relationship
between the amount of water in a soil (i.e.
gravimetric water content w, volumetric water
content 8 or degree of saturation S and matric suction

v [1]).

Many empirical equations have been
proposed to curve fit the SWCC [2-7]. Another
approach is to estimate the SWCC from the grain-
size distribution curve [8,9]. The other method is
artificial intelligence methods to predict the SWCC
such as artificial Neural Network (ANN) [10],
Genetic-Based Neural Network (GBNN)[11],
Genetic  programming (GP)[11], evolutionary
polynomial regression (EPR)[12], and Gene
Expression Programming (GEP) [13]. These methods
use some basic soil properties to predict the SWCC,
instead of some time consuming tests such as
pressure plate test.

Reliability analysis is an area of growing
importance in geotechnical engineering. The success
of numerical modelling of geotechnical systems
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greatly depends on the uncertainty modelling, among
which uncertainty in soil properties is a crucial input
of the analysis.

Most of the previous statistical studies on the
SWCC-fitting parameters focus on the mean,
standard deviation, and coefficient of variation [14].
Some researchers observed the correlations between
curve fitting parameters for hydraulic properties of
unsaturated soils[15]. The grain size distributions is
used to estimate SWCC curves and the SWCC
parameters are determined graphically from the
curves [16]. This work results in a mean and standard
deviation for each SWCC parameter. It was
attempted to construct a joint probability distribution
function for the van Genuchten, (1980) parameters
[17]. The key step is to relate the empirical joint
nonnormal distribution of the van Genuchten, (1980)
parameters to a standard joint normal distribution.
When the experimental data on hand is restricted to
only marginal distributions and correlations, this
translation approach is popular [18]. The suitability
of a lognormal random vector in predicting the
parameters of van Genuchten, (1980) model was
demonstrated [19]. As well as this, The Bayesian
analysis is applied to derive the PDF of the model
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parameters in various forms of van Genuchten
equation using the observed data of sand, sandy loam
and silty loam [20].

Most of previous reliability analysis of SWCC
focuses on SWCC-fitting models. However, in this
research the reliability analysis of an artificial
intelligence model of SWCC with acceptable
accuracy is performed. The reliability analysis is
regarding to uncertainties of independent input
parameters of model which are based on grain size
distribution curve and inherent soil properties. This
analysis is carried out at different suctions using an
analytical method and results were verified by Monte
Carlo simulation (MCs).

2. Corresponding SWCC model used
for reliability analysis

In this research, one of the artificial intelligence
models is selected for reliability analysis. The model
which is namely GEP model [13] has acceptable
accuracy to predict the SWCC. Table 1 shows the
correlation coefficient and error values of this model
to predict the SWCC based on SoilVision (2002)
databank which contains more than 180 pressure
plate tests results performed on clay, silty clay, sandy
loam, and loam soil.

Table 1. Performance of GEP model ( Johari and
Hooshmand , 2015)

Training Data Testing Data

Model [ARE (%)|MSSE| R?* |[ARE (%)| MSSE | R?

GEP | 25.59 |0.0014| 0.94 | 28.73 | 0.0014 |0.94

GEP model use the soil properties as inputs to
predict SWCC and does not use the curve-fitting
parameters. The Johari and Hooshmand (2015) GEP
model for predicting soil-water characteristic curve is
as the following:

0= = o ~o,[s+0062(sivef 1) (D
§+201-2.202; ~7.285

Where:

e Initial void ratio;

®, Initial water content

S log [suction (kPa)/p,] where pa=

Atmospheric pressure (taken as 100 kPa)

Cl Clay content (%)
Si Silt content (%)
® Predicted gravimetric water content

The comprehensive explanation of this method is
available in Johari and Hooshmand (2015), however,
Fig. 1. Shows a prediction of SWCC by GEP model
for a typical soil sample of databank with the
following properties: Void ratio: 0.71; Initial water
content: 26.89%; Clay content 28.71%; Silt content:
63.57%.

0,30 | |
—o—GEP
—o— Experiment |

a4l

o
N
wv

o
N
o

Gravimetric Water Content
o
=
(92}

0,1 1 10 100 1000 10000
Suction (kPa)

Figure 1. A typical SWCC prediction of
GEP model

3. Reliability analysis of SWCC by
JDRV method

Jointly Distributed Random Variables (JDRV)
method is an analytical probabilistic method. In this
method probability density function of input
variables are expressed mathematically and jointed
together by statistical relations [21-23]. Due to the
nature of analytical methods, utilizing this method for
some geotechnical problems with complex governing
relationships may require complicated analysis and a
single expression in this method may become rather
complex. Some recent researches have been made to
apply this method to geotechnical problems [24-26].
The GEP model of SWCC has five input
parameters namely void ratio, initial water content,
logarithm of suction normalized with respect to
atmospheric air pressure, clay content and silt
content. To account for the uncertainties in soil-water
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characteristic curve, all four input parameters have
been defined as stochastic variables at every specific
suctions of SWCC. Therefore, selected parameters
are void ratio (e), initial water content (), clay
content (Cl), and silt content (Si). All of these
parameters are modeled using a truncated normal
probability distribution function (pdf).

By considering the stochastic variables within
the range of their mean plus or minus four times
standard deviation, 99.994% of the area beneath the
normal density curve is covered.

For reliability assessment of soil-water
characteristic curve using JDRV method, Eq. (1) is
rewritten into terms of K; to K;; as shown in Eq. (2).
The terms K; to Ky;, are introduced in Eq. (3). The
probability density function of each term is derived
separately. Using the mathematical functions for K,
to K;; and fK; (k) to fK;;(k;;) a computer program
was developed (coded in MATLAB) to determine the
probability density function curve of SWCC.

-1 5 B
m—k3(8+0.062k1 ~1)=
_—1—(k xk )=k -k =
k7+k8 3 s/ 7 ™10 6
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k,=Cl

ks =k, +S-1

kg =ky x kg
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In addition, for comparison, determination of the
SWCC using the Monte Carlo simulation was also
coded in the same computer program. In order to
verify the results of the presented method with those
of the Monte Carlo simulation, the final probability
density function for gravimetric water content are
showed for the same suction (3.0 kPa). Fig. 2 shows
the obtained probability density function of
gravimetric water. Table 2 presents the properties of
obtained gravimetric water content distribution
resulted from JDRV and MCs which are perfectly

compatible.

Table. 2. Properties of gravimetric water content
distribution from JDRV and MCs

Method Mean Mode Variance | Skewness

JDRV 0.5224 | 0.5353 0.0337 1.0676
MCs 0.5115 0.5349 0.0334 1.0740
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Figure 2. Probability density function of gravimetric
water content at 3.0 kPa suction

3.1. Reliability analysis of SWCC at
various suctions

Probability density functions of gravimetric water
content in various suctions (from 0.2 kPa to 52428.8
kPa) are shown in Fig. 3.Ten arbitrary suctions from
0.2 kPa are selected where each one four times as
much increased relative to previous one. The 2D plot
of probability density functions of gravimetric water
content are shown in Fig. 4. It is clear that increasing
suction cause decrease in gravimetric water content,
therefore, the pdf shifted leftward. It can be seen that
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the sample with lower suction has a greater
dispersion (more uncertainties) of gravimetric water
content.

Fig.5 shows the distribution of gravimetric
water content at various suctions that initiate from 0.2
kPa and doubled until 104857.6 kPa. Normal
distribution of SWCC, in fact is pdf of gravimetric
water content at different suctions. Two boundaries
are shown in this figure which are the upper bound
and lower bound of gravimetric water content at the
specific suction. The values of lower bound is the
limit of minimum gravimetric water content at each
suction and similarly, upper bound shows the limit
for maximum of gravimetric water content. It can be
seen that the distance between the upper and lower
bound (D) is decreased as the suction increase.
Furthermore, the mean curve consists of gravimetric
water contents values that have cumulative density
equal to %50 at considered suctions, which in fact
correspond with the peak of pdf diagram. The values
of upper bound, lower bound, mean and ‘D’ are given
in Table 3.
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Figure 3. Probability density function of gravimetric water
content in various suctions
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Figure 4. Probability density function of gravimetric water
content in various suctions

4. Conclusion

In this research, a Gene Expression Programming
(GEP)-based SWCC model is employed to assess the
reliability of SWCC. For this purpose, the Jointly
Distributed Random Variables (JDRV) method is
used as an analytical method for reliability analysis.
Uncertainties in SWCC can be evaluated in terms of
the uncertainties in geotechnical input parameters. To
account for the uncertainties in SWCC, all input
parameters of GEP model which are initial void ratio,
initial water content, silt and clay content have been
defined as stochastic variables at every specific
suctions of SWCC. The results showed that the
determined probability density function of SWCC by
JDRV method as analytical approach is very close to
prediction of the Monte Carlo simulation.
Furthermore, the upper bound, lower bound and the
mean value of gravimetric water content at various
suctions are determined. It can be seen that the
determined probability distribution of gravimetric
water content has greater dispersion (more
uncertainty) in lower suctions.
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