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Soil–water characteristic curve (SWCC) is commonly expressed using best fit equations with several fitting
parameters. These fitting parameters are determined by best fitting experimental data with the best fit
equations. Residual errors always exist after the regression procedure for the determination of these fitting
parameters. Statistical theory suggests that uncertainties of the determined SWCC can be estimated from
the variance of these fitting parameters and the residual errors. In this paper, equations for the confidence
limits of the best fitted SWCC are developed to quantify the uncertainties in the determined SWCC associated
with the fitting parameters. Applications of the confidence limits in evaluating the performance of best fit
equations and suggestion for experimental measurements are presented in this paper.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

Soil–water characteristic curve (SWCC) is a graphical relationship
that shows the relationship between the amount of water in a soil
(i.e. gravimetric water content w, volumetric water content θw or
degree of saturation S (Fredlund and Rahardjo, 1993)) and matric
suction ψ. As introduced by Fredlund (2006), the entire suction
range of the SWCC can be divided into three zones such as boundary
effect zone, transition zone and residual zone and they are separated
by air-entry value and residual suction as illustrated in Fig. 1.

SWCC is commonly expressed using best fit equations with several
fitting parameters. The fitting parameters are determined from
limited experimental data by applying a curve fitting technique by
minimizing the sum of squared-errors (i.e. Σwi ∗ (θi–θ′i)2, where: θi is
the measured volumetric water content, θ′i is the modeled volumetric
water content, and wi is the weighting factor as suggested by Leong and
Rahardjo, 1997). Equations for correlation of these fitting parameters
and SWCC variables (i.e. air-entry value, slope at the inflection point, re-
sidual suction and residual volumetric water content) were developed
by Zhai and Rahardjo (2012) as an alternative to the traditional graphical
method. In this paper, equations to quantify the uncertainties in SWCC
associated with these fitting parameters are developed.

Residual error (i.e. Sum of squared errors) always exists after the re-
gression procedure. Statistical theory (Benjamin and Cornell, 1970)

suggests that the uncertainties of SWCC can be estimated from the coef-
ficient of correlation equation and residual error. In this paper, equa-
tions for the determination of the variance of these fitting parameters
and subsequently confidence limits of the best fitted SWCC and SWCC
variables are derived for Fredlund and Xing's (1994) equation.

2. Literature review

Different best fit equations, such as proposed by Brooks and Corey
(1964), Van Genuchten (1980), Fredlund and Xing (1994), Kosugi
(1996) and Pedroso et al. (2009), have been developed to describe
SWCC that relates the amount of water in a soil to the matric suction.
Leong and Rahardjo (1997) concluded that Fredlund and Xing's (1994)
equation was the best fit equation which could be used for a wide range
of soil over the entire range of matric suction. Therefore, in this paper
Fredlund and Xing's (1994) equation is selected for best fitting the
experimental data for the determination of the SWCC:
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where,

a, n, m fitting parameters;
Cr an input value related to the residual suction which can be

rough estimated as Cr = 1500 kPa for most cases.
θs saturated volumetric water content.
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There are only three unknown fitting parameters (i.e. a, n and m)
in Fredlund and Xing's (1994) equation, Cr is an input value and not a
fitting parameter. Zhai and Rahardjo (2012) defined Fredlund and
Xing's (1994) equation with correction factor C(ψ) as Method A
and Fredlund and Xing's (1994) equation with correction factor
C(ψ) = 1, which was suggested by Leong and Rahardjo (1997), as
Method B.

Mishra et al. (1989) and Phoon et al. (2010) indicated that
a first-order error analysis was a reasonable approximation for
estimation of uncertainty in a predictive model in view of the lack
of complete measurements for calibration data set which would
enable more direct assessment. The first-order error analysis was
based on Taylor expansion around the mean values of parameters
by assuming small parameter perturbations and negligible higher-
order terms. On the other hand, laboratory measurement of SWCC is
very time consuming and costly because the equilibrium time for
each data point can be very long especially for fine-grained soils.
Therefore, it is very difficult to obtain sufficient experimental data
for direct assessment of uncertainty in the determined SWCC while
the first-order error analysis provides an indirect assessment of

uncertainty. In this paper the first-order error analysis is adopted to
evaluate the uncertainty in SWCC associated with the fitting parame-
ters which are determined from limited experimental data.

Beck and Arnold (1977), Kool et al. (1987), Mishra et al. (1989),
and Mishra and Parker (1989) indicated that the covariance matrix
C could be used to represent the variances of estimated parameters
and also introduced the procedure for estimation of the error covari-
ance matrix C using the first-order error analysis approach as illus-
trated below.

C ¼ E b̃−b
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where:

b̃ is the vector of estimated parameters
b is the vector of true parameters
E denotes statistical expectation
s2 is the sum of squared-error;
M is the number of experimental data points;

Fig. 1. Illustration of different zones of de-saturation as defined by the soil–water characteristic curve (after Fredlund, 2006).

Fig. 2. Illustration of confidence limits of the best fitted SWCC.
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