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. Abstract

¢ Introduction: Complex nature of porous media complicates any
: prediction of their hydraulic properties. To demonstrate
: shortcoming of hydraulic conductivity models predictions, the
: concept of tortuosity was introduced. Since there is no measured
: data of tortuosity, and tortuosity has a direct relationship to
hydraulic conductivity, so in this study we aimed to develop a
: general mathematical relationship to determine tortuosity.

: Methods: An optimization code were run in MATLAB R2014a
software, using Monte Carlo algorithm, aimed to minimize Root
: Mean Square of Logarithmic Deviation (RMSLD) between calculated
: hydraulic conductivity values based on Shepard (1993) and van
: Genuchten (1980) models, to determine tortuosity on different
. water contents for 69 soil samples of UNSODA database with a wide
. range of soil textures. Considering fractal concepts, we developed a
: linear equation empirically to determine hydraulic tortuosity as a
: function of effective saturation, pore fractal dimension, porosity,
¢ inverse of air entry pressure and soil water content, covering whole
: ranges of degree of saturation.

: Findings: Based on results, calculated values of tortuosity were
: greater than proposed values by Shepard about 30%. To evaluate
: developed equation, statistical parameters of Root Mean Square of
: Logarithmic Deviation (RMSLD) and Akaike’s Information Criterion
: (AICc) was adopted for 17 different soil samples. According to the
: calculated statistical parameters, using developed equation to

Hydraulic tortuosity; Shepard’s :

model; Van Gneuchten’s model; : €stimate tortuosity has improved the results of Shepard’s method

Unsaturated hydraulic : significantly. Totally, the results show that, despite the developed
: equation has a relatively complicated structure, in terms of the
: compromise between accuracy and complexity has an acceptable

: performance.
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Extended Abstract

Introduction

Soil hydraulic properties are closely related
to pore space geometry of a porous media.
Because of the complexity of pore space
morphology, for fluid flow and transport
processes modeling, the most used model
was the bundle of series or parallel capillary
tubes. While due to interconnectivity of the
pore space and their differences with bundle
of capillary tubes in nature, such models
predictions rarely agreed with experimental
data. Apparently to demonstrate
shortcoming of models predictions, the
concept of tortuosity was introduced by
Carman in 1937.

Actually tortuosity definition is not clear and
its treatment in the literature is often
confusing, although its concept seems
simple.

So far numerous analytical, empirical, and
numerical models have developed to
estimate different kinds of tortuosity in
porous media.

Different relations are available in literature
to model hydraulic tortuosity. As a further
consideration, fractals describe hierarchical
systems properly and are suitable to model
the heterogeneous soil structure with
tortuous pore. Actually, fractal mathematics
allows path lengths and their associated
tortuosity to be described based on fractal
principles and patterns.

Shepard (1993) developed a numerical
method to determine the hydraulic
conductivity function using fractal concepts
and information provided by the retention
curve. According to the literature, although
Shepard’s model (1993) has a sound
physical basis, it has not been considered yet
as much as the other unsaturated hydraulic
conductivity models. On the other hand,
common tortuosity relationships are usually
defined as a logarithmic or power function of
soil water content and porosity which have
some adjustable parameters that are
suitable only for certain soils. However,
there are some physical parameters which
are defined base on particle and pore size
distribution that can be effective on
tortuosity. Considering the fact that there is
no measured data of tortuosity on one hand,

and on the other hand tortuosity has a
pronounced saturation dependence, having
a direct relationship to hydraulic
conductivity, so in this study we aimed to
develop a general relationship to determine
tortuosity as a function of some physical
parameters covering the whole range of
saturation using Shepard’s method in
different soil textures.

Methods

In this study, 86 samples of UNSODA
database with a wide range of soil texture
were used. We ran an optimization code in
MATLAB R2014a software using repeated
random sampling (Monte Carlo algorithm)
to determine tortuosity on different water
content for various soil textures. The
optimization code was aimed to minimize
Root Mean Square of Logarithmic Deviation
(RMSLD) between calculated hydraulic
conductivity values based on Shepard
(1993) and van Genuchten (1980) models.
Then we determined final equation between
hydraulic tortuosity and effective variables,
using linear regression in SPSS 19 software.
To evaluate developed hydraulic tortuosity
equation, we used 17 soil samples which
were not used to determine it (validation
data set), based on calculation of the
statistical parameters such as Root Mean
Square of Logarithmic Deviation and
Akaike’s Information Criterion.

Findings

Using the optimization MATLAB code, on
different water contents for various soil
textures, average values of hydraulic
tortuosity were calculated. In this study
calculated values of hydraulic tortuosity are
greater than proposed values by Shepard
about 30%. For example, Shepard proposed
1.23 as proper value of tortuosity for loamy
soils while in this study it is equal to 1.75. On
one hand, based on Shepard’s proposed
values, for clayey soil texture the tortuosity
value is greater than the others and on the
other hand, for sandy soil it is the lowest
value. Also in this study we get the same
results, as for sandy clay loam and silty clay
loam the tortuosity is greater than the others
and sandy loam has the lowest value of
tortuosity. Actually it seems logical that fine-
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textured soils which have a dominance of
clay, to have finer porosity; so water flow
paths are more meandering and tortuosity
increases, whereas coarse - textured soils
have coarser porosity and less meandering
flow paths, so tortuosity is lower.

After determining optimized tortuosity
values, we developed a relationship between
hydraulic tortuosity and effective soil

physical parameters as follow:
a

T, = (0.21) (4T) +(1.282) (g)

1
- (0.002) <se">

Where Tjis hydraulic tortuosity, a is inverse
of the air entry pressure, S. is effective
saturation, 6 is soil water content, D is pore
fractal dimension, 6, is residual water
content, P is porosity, and n and a is measure
of the pore-size distribution in van
Genuchten model.

Discussion

Shepard postulated that estimated pore
fractal dimension by Tyler and Wheatcraft
(1989) (Tyler and Wheatcraft, 1990),
changing in a range of 0.7 to 1.485, is
corresponded to tortuosity ratios of about
0.72 to 1.70 (Shepard, 1993), but based on
literature review, by changing soil porosity
as a representative of saturated water
content in a range of 20 to 70 percent, the
hydraulic tortuosity changes in a range of 1
to 2. So, we also considered tortuosity values
changing in a range of 1 to 2, to develop our
equation. Furthermore, based on calculated
tortuosity values using our developed
equation, we determined pore continuity
according to Burdine’s model (1953)
(Burdine, 1953). Considering the results, in
this study calculated pore continuity is much
less than proposed value by Burdine (1953)
[Burdine, 1953] and is approximately close
to proposed values by Mualem (1976)
(Mualem, 1976) and Ghanbarian et al.
(2013) (Ghanbarian et al., 2013).

Conclusion

In this study, the results show that unlike
what Shepard proposed as the optimum
values of tortuosity, for more than 95% of
soil samples, the value of T of 1.27 did not

lead to a good estimation of hydraulic
conductivity. In contrast, considering
tortuosity as a function of soil water
content, soil texture, soil structure and pore-
size distribution can improve estimation of
it. So, in this study, based on fractal
concept, we developed a linear equation
empirically to determine hydraulic
tortuosity based on fitting the Shepard
hydraulic ~ conductivity  function to
unsaturated conductivity values,
calculating from van Genuchten — Mualem
hydraulic conductivity function. We
defined hydraulic tortuosity as a function of
effective saturation, pore fractal dimension,
porosity, inverse of the air entry pressure
and soil water content, covering whole
ranges of degree of saturation. Pore fractal
dimension was defined using empirical
parameter of n in van Genuchten model, as
a measure of the pore-size distribution. On
the other hand, by using parameter of a
obtained from van Genuchten model, as
inverse of the air entry pressure, the effect
of radius of the largest water-filled pore in
the unsaturated medium was considered.
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