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ABSTRACT

The identification of soil hydraulic parameters is of great importance on the study and simulation of rainwater
infiltration. Recently, due to the development of sensing technology, field measurement systems have been largely
spread. In the systems, volumetric water contents or matric suction are measured, and a large number of field
measurement data are accumulated. In this study, the authors tried to identify the soil hydraulic parameters based on
the field measurement data, by using the Particle Filter method. As a result, the numerical simulations using the
identified parameters were in excellent agreement with field measurement data. Therefore, the availability of the
Particle Filter method on identification of soil hydraulic parameters based on field measurement was verified.
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1 INTRODUCTION

The changes in climate all over the world have been
brought an increase of heavy rain. As a result, a large
number of landslide disasters occur every year. The
landslide disasters are caused by infiltration of too
much rainwater into the slope. Therefore, both present
monitoring and future prediction of the soil hydraulic
conditions in the fields are required, in the prevention
of the landslide disasters.

Some field monitoring systems have been developed
to assess the risk of landslides under conditions of
heavy rain in Japan (Koizumi et al., 2012). In the
systems, present soil hydraulic conditions, such as
volumetric water contents or matric suction can be
measured in real time. Moreover, they are accumulated
automatically, and can be reused. However, the systems
cannot predict the future soil hydraulic conditions.

Data assimilation methods are one of the inverse
analysis methods originated from modifying numerical
simulation model based on measurement data. They
have been developed in the field of meteorology and
oceanography. Several kinds of data assimilation
methods, such as 4D-VAR (Talagrand and Courtier,
1987), Ensemble Kalman Filter method (Evensen,
1994), and Prticle Filter method (PF) (Gordon et al.,
1993; Kitagawa, 1996) have been proposed. In the
Geotechnical Engineering, the PF was applied to
identify the mechanical parameters of elasto-plastic
constitutive model based on the data of consolidation
settlement (Shuku et al., 2012; Murakami et al., 2013).

In this study, the availability of the PF on
identification of soil hydraulic parameters based on

field measurement is discussed. Firstly, an inverse
analysis, in which the PF is applied, is proposed. In the
analysis, seepage analysis methods and data
assimilation methods by the PF are combined. Secondly,
the soil hydraulic parameters are identified by applying
the proposed inverse analysis at three slopes which
have different types of soils. Finally, the availability of
the identified parameters is discussed through the
numerical simulations.

2 ANALYTICAL METHODS

2.1 Seepage analysis methods

In this study, an unsaturated-saturated seepage finite
element analysis is used to reproduce the infiltration
behavior of rainfall into the ground. The following
equation, Richards equation (Richards, 1931), is
applied in numerical analysis:

C~al//:a[ka‘//j+a{kav/j+a{k[aw+lj} €))]
o ox\' ox) oy\ oy ) oz oz

where C (=00/0y) is hydraulic capacity function, 6 is
volumetric water contents, y is matric suction, and £ is
unsaturated hydraulic conductivity. The following van
Genuchten model (van Genuchten, 1978) is adopted to
express the soil water characteristic curve, and Mualem

model (Mualem, 1976) is adopted to estimate the
unsaturated hydraulic conductivity:
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where the following notations are employed. S.:
effective soil water saturation, &,: residual volumetric
water contents, 6: saturated volumetric water contents,
o, n: material parameters, ks saturated hydraulic
conductivity. In this study, 6;, 6., a, n, ks are unknown
soil hydraulic parameters.

2.2 Particle filter methods

The PF is one of the sequential data assimilation
methods. In the PF, a probability distribution of
physical quantity is approximated with its realizations.
Each realization is called a particle, and each set is
called an ensemble. The PF evaluates the number of
particles at a discrete time, using the Bayes’ theorem.
Fig. 1 shows the computational procedure of the PF.
Firstly, a large number of numerical simulations, in
which different sets of soil hydraulic parameters are
applied for each particle, are carried out ((a) Prediction
in Fig. 1). Then, the likelihood is evaluated for each
particle through a comparison of measurement data and
simulated data ((b) Filtering in Fig. 1). Finally, the
number of particles is updated ((c) Resampling in Fig.
1). That is, the particles with high likelihood should be
replicated. On the other hand, those with low likelihood
should be eliminated. In the PF, the particles which
have higher compatibility to the field measurement data
could be remained through iteration of those three
steps.

3 ANALYTICAL RESULTS

In this study, the availability of the PF on
identification of soil hydraulic parameters was
discussed thorough the numerical simulations at three
slopes which have different types of soils.

(a)Prediction (b) Filtering (c) Resampling
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Fig. 1. Computational procedure of the PF.

3.1 Cut slope composed of clayey silt

The target slope in this section is a cut slope
composed of clayey silt. The volumetric water contents
and rainfall were measured at the slope. Fig. 2 shows
the field measurement data of volumetric water
contents and rainfall which are used to inverse analysis.
A soil moisture sensor was installed at GL-50cm, and
the volumetric water contents were measured at 10
minutes’ interval.

Fig. 3 shows the analytical model. The variable flux
boundary was provided with the top surface, and the
free drainage boundary was provided with the bottom
surface. It is known that rainwater infiltrates into slope
in the direction of gravitational force, until the fully
saturated zone generates. Therefore, rainwater
infiltration was assumed only in the vertical direction in
the model.

The probability distribution of each unknown soil
hydraulic parameters is estimated thorough data
assimilation by the PF based on field measurement data.

In this study, the weighted mean values X, are

tlt
referred to as identified parameters, and the values are
obtained by the following equations:

N
X=2 wxy) 4)
i=1

where N is the number of particles, w,? is the likelihood
of each particle, and x4” is the value of each parameter.
Table 1 shows the identified soil hydraulic parameters,
and Fig. 4 shows the soil water characteristic curve
based on the identified parameters.
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Fig. 2. Field measurement data (clayey silt).
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Fig. 3. Analytical model.
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Fig. 5 shows the comparison of the simulated
results using the identified parameters with the field
measurement data as shown in Fig. 1. The numerical
simulation was in good agreement with the field
measurement data. From the results, the numerical
simulation using the identified parameters by the PF
could reproduce the field measurement data at the cut
slope of clayey silt.

3.2 Cut slope composed of weathered granite

The target slope in this section is a cut slope
composed of weathered granite. The volumetric water
contents and rainfall were measured at the slope. A soil
moisture sensor was installed at GL-45cm, and the
volumetric water contents were measured at 10
minutes’ interval. Fig. 6 shows the field measurement
data at the slope.

Table 2 shows identified soil hydraulic parameters,
and Fig. 7 shows the soil water characteristic curve
based on the identified parameters. There was a big
difference in shape of soil water characteristic curve
between Fig. 4 and Fig. 7. The simulated results using
the identified parameters by the PF are shown in Fig. 8.
The simulation reproduces the field measurement data
with high accuracy.

Table 1. Identified parameters (clayey silt).
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Fig. 4. Soil water characteristic curve (clayey silt).
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Fig. 5. Simulated results (clayey silt).

3.3 Natural slope

The target slope in this section is a natural slope
along road. The base rock of the slope is granite, and
the surface layer is forest soil. A tensiometer was
installed at GL-20cm, and the matric suction were
measured at 10 minutes’ interval. Fig. 9 show the field
measurement data at the slope.

Table 3 shows the identified parameters, and Fig.
10 shows the soil water characteristic curve. Fig. 11
shows the simulated results using the identified
parameters. The simulation could reproduce the field
measurement data of matric suction with high accuracy.

3.4 Discussion

The soil hydraulic parameters could be identified
based on the data measured at three slopes which have
different types of soils. Moreover, they could be
identified based on field measurement data of not only
volumetric water contents but also matric suction. In
addition, the simulated results using the identified
parameters were in excellent agreement with the field
measurement data. Therefore, it was found that the PF
is an available approach to identify the soil hydraulic
parameters based on field measurements.
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Fig. 6. Field measurement data (weathered granite).

Table 2. Identified parameters (weathered granite).
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Fig. 7. Soil water characteristic curve (weathered granite).
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Fig. 8. Simulated results (weathered granite).

4 CONCLUSIONS

In this study, the availability of the PF on
identification of soil hydraulic parameters based on
field measurement data was discussed. The main
conclusions of this study are summarized as follows.

1. With the PF, the soil hydraulic parameters could be
identified based on field measurement data of not
only volumetric water contents but also matric
suction.

2. The numerical simulations using the identified
parameters were able to reproduce the field
measurement data with high accuracy.

3. The availability of the PF on identification of soil
hydraulic parameters based on field measurement
were verified.

REFERENCES

Evensen, G. (1994). Sequential data assimilation with a
non-linear quasi-geostrophic model using Monte Carlo
methods to forecast error statistics. Journal of Geophysical
Research, 99, 10143-10162.

Gordon, N. J., Salmond, D. J., and Smith, A. F. M. (1993). Novel
approach to nonlinear /non-Gaussian Bayesian state
estimation. IEE Proceedings-F, 140(2), 107-113.

Kitagawa, G. (1996). Monte Carlo filter and smoother for
non-Gaussian nonlinear state space models. Journal of
Computational Graphical Statistics, 5(1), 1-25.

Koizumi, K., Hirata, K., Oda, K., Fuyjita, Y., Kamide, S., and
Watanabe, T. (2012). Slope Disaster Detection System Using
Sensor Networks and Its Field Experiment Evaluations.
Journal of Control, Measurement, and System Integration,
5(1), 41-47.

Mualem, Y. (1976). A New Model for Predicting the Hydraulic
Conductivity of Unsaturated Porous Media. Water Resources
Research, 12, 513-522.

Murakami, A., Shuku, T., Nishimura, S., Fujisawa, K., and
Nakamura K. (2013). Data assimilation using the particle
filter for identifying the elasto-plastic material properties of
geomaterials. International Journal for Numerical and
Analytical Methods in Geomechanics, 37, 1642-1669.

Richards, L. A. (1931). Capillary conduction of liquids through
porous mediums. Physics, 1, 318-333.

Shuku, T., Murakami, A., Nishimura, S., Fujisawa K., and
Nakamura K. (2012). Parameter identification for Cam-clay
model in partial loading model test using the particle filter.
Soils and Foundations, 52(2), 279-298.

20 18
— :Measurement (20cm)

— 0 4 15
2 T
-20 12 €
5 S
P €
5 -0 1¢ E
5 =
7 -60 16 ©
) E
g -80 {3 &

100 LT o

0 720 1440 2160 2880 3600

Time (min)

Fig. 9. Field measurement data (natural slope).

Table 3. Identified parameters (natural slope).
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Fig. 10. Soil water characteristic curve (natural slope).
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Fig. 11. Simulated results (natural slope).
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