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Pore network models are useful tools to investigate soil pore geometry. These models provide quantitative
information of pore geometry from 3D images. This study presents a pore network model to quantify pore
structure and hydraulic characteristics. The objectives of this work were to apply the pore network model to
characterize pore structure from large images to quantify pore structure, calculate water retention and
hydraulic conductivity properties from a three dimensional soil image, and to combine measured hydraulic
properties from experiments with calculated hydraulic properties from image. Soil samples were taken from a
site located at the Baltimore science center, which is located inside of the city. Undisturbed columns were
taken from the site and scanned with a computer tomographer at resolutions of 22 pm. Pore networks were
extracted by medial-axis transformation and were used to measure pore geometry from one of the scanned
samples. Water retention and unsaturated hydraulic conductivity values were calculated from the soil image.
Properties of soil bulk density, water retention and unsaturated hydraulic conductivity were measured from
three replicates of scanned soil samples. 3D image analysis provided accurate detailed pore properties such as
individual pore volumes, pore length, and tortuosity of all pores. These data made possible to calculate
accurate estimations of water retention and hydraulic conductivity. Combination of the calculated and
measured hydraulic properties gave more accurate information on pore sizes over wider range than measured
or calculated data alone. We could conclude that the hydraulic property computed from soil images and
laboratory measurements can describe a full structure of intra- and inter-aggregate pores in soil.

Key words: pore geometry, computer tomography, medial axis model, water retention, unsaturated
hydraulic conductivity

Introduction

Soil pore size and shape influence soil water transport/
biological processes, therefore quantification of these
properties is important to understand these processes (Leij
et al., 2006). Soil pores occur in a wide range of sizes and
shapes in nature (Pagliai and Vignozzi, 2002). Pore size
distribution is determined by water retention measurements
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or mercury intrusion porosimetry (Pagliai et al., 1995;
Strudley et al. 2008). The equivalent radius of the largest
pore that is filled, with water/mercury, is a function of the
soil water/mercury pressure through the capillary action.
These experimental methods have been developed over
decades and are considered good characterizations of soil
pore size distributions. However, they cannot provide
accurate description of pore sizes, because there can be
changes of soil conditions (expansion or shrinkage of the
sample) during the measurements (Pires et al., 2005).
Recent development of image analyses, especially three
dimensional image analyses, makes possible the quan-
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tification of pore volumes directly (Peth et al., 2008;
Sluetel et al., 2008; Udawatta and Anderson, 2008). Pore
sizes or volumes, from three dimensional images are a
better measurement of real pores than pore geometry
measurements from two dimensional images, since soil
pores are in three dimensional in soil (Barstardie et al.,
2003). The computer tomography provides the images
from which pore volumes can be driven. Slutel et al.
(2008) quantified pore volumes with a resolution of 1.7
um in diameter, while Barstardie et al. (2003) analyzed
pores created by earthworms with diameter of up to 10 cm.

The characterization of water movement through soil is
important to determine soil quality for agricultural/ envir-
onmental management of soil (Strudley et al., 2008).
Characterizations of hydraulic properties reflect pore
structural characteristics in a soil system (Hayashi et al.,
2006). The hydraulic behavior within soils is affected by
pore structure and it becomes complicated by the duality
of the pore system of large inter-aggregate pores and much
finer intra-aggregate pores.

Water retention characteristic curves (WRC) refer to
the relation between the matric potential of soil water
and volumetric water content (Gimenez et al., 1997). Soil
texture and soil structure can affect WRC (Wittmuss and
Mazurak, 1958; Tamboli et al., 1964; Amemiya, 1965).

Since three dimensional images can provide pore size
distributions, water retention values can be computed
inversely from pore size distributions and matric potentials
from corresponding pore sizes (Vogel and Roth, 2001).
Peth et al. (2008) calculated WRC from aggregate images
and found that computed WRC captured different pore
systems resulted by different treatments.

Hydraulic conductivity is determined by the ability of
the soil fluid to flow through the soil matrix system under
a specified hydraulic gradient (Radcliffe and Rasmussen,
2002). The hydraulic conductivity is especially related to
inter-aggregate pore conditions (Balland et al., 2008).
Under conditions close to saturation, the large inter-
aggregate pores form the primary pathways for rapid
infiltration. Hydraulic conductivity can also be estimated
from three dimensional soil images. Hydraulic conduc-
tivity can be calculated with soil water contents and matric
potentials (Green and Corey, 1971; Mualem, 1976; Wosten
and Van Genuchten, 1988).

The objectives of this study were to characterize soil
pore geometry, from a three dimensional image, based on
a pore network model, to compute hydraulic properties

from the image and to combine measured hydraulic
properties from experiments with calculated hydraulic
properties from images to describe accurate pore structure.

Materials and Methods

Soils  The site selected for this study was located at
the Baltimore science center, which is located inside of the
city. In 2002, the top 20 cm of a fallow soil that did not
have any fertilizer applications for 5 years was removed
from the Beltsville experimental farm over a 6 x 9 m.
These soils were sieved to remove rhizomes, stolons and
corms, and then mixed uniformly with seeds of 30 plant
species. Then from the 6 x 9 m area of the Beltsville
experimental farm, soils were excavated up to 110 cm (B
and C horizons) and mixed well. Four plots with size of
2 x 2 mwere established at the site in 2002. All plots were
excavated to a depth of 110 cm and filled with the lower
horizon soils first and soils with seeds were placed on top
(Ziska et al., 2004). Soil samples were then taken at the
site to a depth of 30 cm.

Anundisturbed bulk soil (5.5 cm in diameter and 12 cm
in height) was sampled from each of the three plots by
excavating a sample carefully. The outside of each sample
was covered by cheesecloth with saran to harden the
surface of the sample. The cheesecloth was soaked lightly
to prevent infiltration of saran solution (mixing of saran
powder in methyl ethyl keton) into pores, but thickened
enough to harden the surface of the sample. In this chapter,
one sample from the site was used for image analyses.

Computer Tomography (CT) and Image Processing

An axial X-ray micro computer tomographer (model
MS, General Electric Medical Systems, London, ON,
Canada) located at the University of Guelph (ON, Canada)
was used to scan soil samples. The resolution of the scans
was 22 pum for the bulk soil samples. Series of two
dimensional cross sectional images were reconstructed
into three dimensional images by Microview software
(GE Healthcare Biosiences). After reconstruction of three
dimensional images, gray images were converted to
binary images using a Java program in Image J (Research
Services Branch, National Institute of Health, Bethesda,
MD) developed by Elliot and Heck (2007).

A Fortran code was written to identify pores and
quantify number of pores, pore volumes, number of
throats, throat volumes, pore length and tortuosity from
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the scanned image. The calculation was based on pore
network model developed by Lindquist et al. (1996).
Medial-axis skeletonization was applied to extract rep-
resentative pore geometry and pore networks (Lindquist
and Venkatarangan, 1999). This algorithm was derived by
finding continuous axes located in the middle of a pore to
provide simple and compact geometric information. The
first step of medial-axis skeletonization was burning pore
pixels. Lindquist and Venkatarangan (1999) explained the
burning analogous to fire spreading. If each pore is fired
simultaneously all around pore boundary, it will burn
toward the center of the pore. As fire moves inside, pore
pixels or voxels, which contacted the fire, are assigned
burn numbers with increment. Therefore, burn number is
the greatest at the center of a pore. A greater maximum
burn number means that the pore is larger than a pore with
smaller maximum burn number, since it takes longer to
reach the center of the pore. Medial-axis (MA) represents
skeleton of a pore by connecting center parts of a pore. In
geometrical terms, pores are modeled as a relatively large
pore-body connected by relatively small throats (Vogel
and Roth, 2003). In this study, pore-body and throats were
calculated from all individual pores. Based on pore-body
and throat identification, volumes, lengths and tortuosities
of all pores were quantified.

Bulk Density  After scanning the soil samples, the
bulk density (p») was measured by saran resign bulk
density procedure (Sheldrick, 1984). The samples were
prepared by first, coating the sample with a saran resin.
These sample were weighed in air and then in water. The
weights before and after dipping in saran and weight after
immersed into water were used to calculate actual weight
and volumes of the samples.
w
v

Py = (1)

where py is the bulk density, /¥ is weight of soil sample
and V is volume of soil sample. W was calculated by
(WI-W2/N-1) +WI-W2, where W1 is air weight after N
time dipping into saran and W2 is air weight before
dipping. V' was calculated by Wi- W3-(W/1.3), where W3
is weight after immersed into water and 1.3 (g cm'S) is the
density of saran. This measurement was repeated for three
replicates of the bulk soil from each site.

The saturated water contents (6;) from all samples were

calculated from the bulk density results;

P, )

where p; is the bulk density and p, is particle density
assumed to be equal to 2.65 g/cm’.

Water Retention and Hydraulic Conductivity
Water retention and infiltration rate were measured after
measuring bulk density. Each sample was cut into cy-
lindrical shape with 5 cm in diameter and 3 ¢cm in height
and flat surfaces at the both ends. One of the ends was
placed on top of a ceramic plate contained in a cell
designed to measure hydraulic conductivity and soil water
retention in the range of the pressure heads between 0 and
-10 kPa. Before the samples were placed in the pressure
plate extractors, steady-state infiltration rate was measured
for all bulk soil samples. The tension disc infiltrometer
used in this study from Decagon Devices (Pullman, WA).
Five pressure heads of — 0.2, - 0.3, - 0.4, -0.5, and — 0.6 kPa
were applied and the steady-state infiltration rates were
measured.

Soil water retention for the soil samples was measured
at pressure potentials of -0.3, -0.6, -1, -1.5, -3, -6, and -10
kPa. After measuring water retention at -10 kPa, water
retention at pressures of -30, -100, and -300 kPa were
measured on the samples using pressure plate extractors.

Water retention was also computed from pore size
distributions for the bulk soil images by assuming that
pores hold water inside with capillary force and matric
potential ¥: was calculated with corresponding pore radii
7;, using Young — Laplace equation (Peth et al. 2008):

w, =20 cos(w)r,” 3)

Where o is the interfacial tension between air and water
(72.7 x10-3 N m'") and w is the contact angle assumed to
be 0. At each potential, pores whose radii are smaller than
the radius corresponding to the potential are saturated.
This water content value at each potential was divided
by the image volume. Since the measured water reten-
tion data were calculated by gravimetric water content,
computed water retention data were divided by the
average bulk density of each soil. If a pore had throats,
smallest throat radius was applied to Eq. 3 instead of
whole pore volume. The computed data were matched to
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the measured water retention. In the matching process, the
highest matric potential from images was about -0.3 kPa.
Therefore water contents at -0.3 kPa from images and
average water content at -0.3 kPa from measurements
were assumed as the same value of water retention. Water
retention contents from images at greater matric potentials
were added to the retention value at -0.3 kPa.

Unsaturated hydraulic conductivity was calculated as
according to Green and Corey, (1971);

2
K (@)= K, _30r°
K. p. g1

~i—22[(21+1+2i>w;2]

)

where K(6) is the calculated conductivity for a specified
water content or pressure (m s'l), 6 is the water content
(m’ m), i denotes the last water content class, p, is the
density of water (kg m>), g is the gravitational constant
(m s), y is the viscosity of water (kg m” s7), ¢ is the
porosity (m’ m™) or water content at corresponding po-
tential, 7 is a tortuosity parameter, n is the total number of
pore classes, ¥ is the pressureis the pre for the largest
pore with water filled by capillary force. The pressure ¥
corresponding to §; was obtained from water retention
data. The 7 value was calculated as (actual pore length/
shortest length)’ from each pore. K; /K. is the matching
factor, where K is the measured saturated conductivity
and K, is calculated conductivity. The value of K was
0.11 cmmin™ for the urban bulk soil and 0.06 cm min™ for
the rural bulk soil from infiltration rate measurement at
-0.1 kPa. K, values were calculated from the largest pore
in the image of each sample and the urban bulk soil was
0.45 cm min" and the rural soil was 0.32 cm min™. The
greatest matric potential from the measured conductivity
data was -0.2 kPa and the computed conductivity at -0.2
kPa from an image was matched to the one from the
measured data at -0.2 kPa.

Statistical Analysis  Average and standard deviations
of all properties (except number of pores and coordination
numbers) were calculated by geometric mean and geometric
standard deviation, since most results exhibited lognormal
distribution.

The geometric mean (£) and standard deviation (StdDev)
was calculated as;

E:e/JJrO' /2 (5)

and

StdDev = \/(egz - 1)@2ﬂ+02 (6)

where u and ¢ are the mean and standard deviation of
the natural log transformed variables.

Water retention curves were fitted with the bimodal
model of Duner (1994);

Y L S e
I+ ()™ L+ (xop)™

()

where S, is the effective water content, ¥ is matric
potential (kPa), and v;, y; (m'l), X2 (m'l), n;, and n; are
fitted parameters. The m parameters are determined by m=
(I-1/n). The fitting of water retention was done with the
“SWRC fit” program developed by Seki (2007) (http://seki.
webmasters.gr.jp/swrc/).

The hydraulic conductivity curves (k ()) from image
analyses and measurements were fitted with the bimodal
model of Durner et al. (1999);

s 2% el (VZZS)Z

v <y,

k) - |
v (V_;Z4[l -(1- ngl/m})m ]).

K ((1-v,)S,,) TR

v, <y <0
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)" ] is the partial saturation of the
ith pore system and y;, is the matric potential at a

where S., = [1+(a,» v
breakpoint of different pore systems. The v», vs, y1, x2, 13,
ny and m,= (1-1/n) are fitted parameters. The parameter t
is related to tortuosity and average tortuosity results from
image analysis were applied to Eq. 8. The fitting was
performed with a Fortran program.

Results and Discussion

Morphological properties  The three dimensional
images from the scanned soil are displayed in Fig. 1 and 2.
The Fig. 1 shows a partial medial axis structure (100 by

100 by 50 pixels equivalent to 2.2 mm by 2.2 mm by 1.1
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Fig. 1. An example of medial axis construction (buming
number) from the soil sample. The legend is the buming
numbers to the corresponding pores.

Fig. 2. An example of whole pore structure from the
soil sample. The legend is positions of the pore pixels
such as more blue color pixels are closer to solid and
pores with more red color pixels are closer to the center
of the pores.

mm) of the pore structure when the whole scanned image
was 1000 by 1000 by 1000 pixels (equivalent to 22 mm by
22 mm by 22 mm). The colors in Fig. 1 represent the
burning numbers of pore structure. In other words, greater
burning numbers were greater values in sizes. The Fig. 2
shows the whole pore structure of the soil sample. The red
area represents the pore areas and the soil sample had
relatively large size of pores throughout the sample. All
morphological properties obtained from the image were

applied to Eq. 5 and 6 and the average and standard
deviation values from all 789 pores are shown in Table 1.
The numbers of pores were obtained by counting individ-
ual pores. After identifying individual pores, pore-body
and throat volumes were quantified (Fig. 3). Pore length
and tortuosity were calculated from all pores (Fig. 4 & 5).
The soil had pore- body volume range from 0.01 to 218 m
m-3, while throat volume ranged from 0.017 to 0.077 m
m-3. Pore length was determined by a length from, a
medial axis at the top of a pore (closest to surface) to a
medial axis at a bottom of a pore. The soil had 74% of
pores shorter than 1 mm and the proportion of pores longer
than 10 mm was 3%. Tortouosity was a ratio of a shortest
or straight length from top to bottom of a pore to an actual
pore length calculation. The tortuosity values less than 2
were 72% which meant that there were relatively large size
pores (inter-aggregate pores) within the soil. Perret et al.
(1999) found that inter-aggregate pores had tortuosity values
range from 1 to 2.5 and in this study, the analyzed soil had
greater amount of pores with tortuosity values less than 2.

Hydraulic properties
three replicates of the samples and the fitted parameters

Average bulk densities from

from Eq. 7 and 8 are shown in Table 2. Water retention and
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Fig. 3. Frequency distributions of pore-body and throat
volumes in logarithm scale from a scanned soil sample.

Table 1. Summary of pore morphological analyses from the soil sample. All properties are presented by average and
standard deviation values, except porosity, number of pores and throats.

. Number of Average pore-body Number of  Average throat volume  Pore length .
Porosity 3 3 Tortuosity
pores volume (mm®) throats ( mm’) (mm)

0.25 789 0.85+0.16 454 0.2140.00 1.1+£0.36 1.03+0.17
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Fig. 4. Frequency distributions of pore lengths in logarithm
scale from a scanned soil sample.

hydraulic conductivity were computed from pore size
distributions from images. The hydraulic properties
depend not only on the pore volume, but also on the
continuity of pores (Horn and Smucker, 2005). Water
flow in a pore is controlled by throat size instead of
pore-body size. Throat and tortuosity results from all
samples were applied to water retention and hydraulic

Table 2. Average Bulk density from three bulk soil
samples and fitted parameters from water retention
(Eq. 7) and conductivity (Eq. 8). 6; and Or are estimat-
ed saturated water content and residual water content
from Eq. 7, respectively. Numbers in parenthesis are
standard enror of fitting.

Bulk density (g cm™) 1.47 + 0.06
Saturated water content (cm3 cm'3) 0.44 + 0.02
Water retention fitting (Eq. 7)

0, (cm’ cm®) 0.57

B; (cm’ cm™) 0.15

Vi 0.29

X1 2.67

n; 4.99

X2 0.01

n; 7.75
Hydraulic conductivity fitting (Eq. 8)

vy 0.01

a; 0.17

nj 1.01

a 0.02

n; 1.01

Y, (kPa) -0.3

K, (cm min’) 0.50

04

03

Frequency
Iy
N
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Fig. 5. Frequency distributions of tortuosity in logarithm
scale from a scanned soil sample.

conductivity calculation. Computed water retention data
and measured data from laboratory experiments were
matched and fitted by Eq. 3 (Fig. 6). There was no infor-
mation for pores less than 0.1 mm in radius from image
analysis due to image resolution and compute limitation.
Pore sizes smaller than 22 um were not scanned or ignored
while computations.

There were two distinct curves between the computed
water retention curve from images and the measured
retention curve from experiments. This implies that the
bulk soil samples had dual pore systems (Spohrer et al.,
2006). Therefore, a bimodal model (Durner, 1994) fitted
the water retention curves reasonably well (r2 =0.99). The
parameters ; and . from Eq. 7 are scaling factor that
indicate the positions of maximum pore size and n; and n,
are related to the width of pore size distribution (Abenny-
Mickson, 1996). Pires et al. (2008) compared water
retention parameters before and after applying a number
of dry-wet cycles. They found that a greater number of
dry-wet cycles increased pore size, porosity, and the value
of a and n. Hydraulic conductivity distributions were
computed from pore radii and water retention data by Eq.
4. Pores with throats and tortuosity values were applied to
the calculation to define more accurate estimation of
conductivity (Kutilek, 2004) (Fig. 7). Water in a pore with
a throat was not released until matric potential was greater
than the potential corresponding to throat diameter. In
addition, under unsaturated conditions, water in a pore
moves along the wall of a pore. Commonly the value of the
tortuosity parameter in Eq. 4 was assumed equal to 0.5
based on average tortuostiy values from different texture
soils (Mualem, 1976). However, Vervoot and Cattle



Three Dimensional Measurements of Pore Morphological and Hydraulic Properties 421

0.6

0.5 1

0.4 1

0.3 1

o Computed data
024 Fitted line (*=0.99)
’ ®  Measured data

T

0.0 T T T T T

Volumetric water contetn

Log pof matric potential, kPa

Fig. 6. Computed water retention from a soil and
average water retention of measurements data from the
three soils and fitted line by Eq. (7). Circle symbols
represent data from the soil (empty- computed data and
solid-measured data) and solid line is fitted line for the
soil.

(2003) argued that a constant tortuosity may not correct to
predict accurate &, and recommended to use individual
tortuosity from each pore from image analysis of pore
geometry. Therefore, throat size and tortuosity data from
individual pore were applied to Eq. 4. The fitting for the
conductivity curves was done by Eq. 8, which was a
bimodal model of a conductivity distribution. Conduc-
tivity data from measurements and computed from the
image had two different fitting parameters, which were
similar to water retention curves. The results of bimodal
fitting model suggested that dual porosity system de-
veloped in the sample soils. The estimated saturated
hydraulic conductivities (k) from the sample was greater
than measured conductivities by more than 10%. Ventrella
et al. (2005) stated that estimated k; values from Eq. 8 were
much greater than the measured values. They stated that
estimated values should be treated as a fitting parameter
rather than the actual conductivity at saturation, because
computed £, values from conductivity models are not
accurate estimation from pore geometry. Other fitted
parameters, vz, v3, x1, X2, 13, and ny, did not have a similar
trend or values in comparison to the parameters from the
water retention model.

Traditional hydraulic measurements of soil samples had
limitation of obtaining information of intra-aggregate
pores, while hydraulic information from the pore network

0.5

o Computed data
®  Measured data
044 —— Fitted line (#=0.96)

0.3

024

0.1 4

Log of hydraulic conductivity, cm min-1

0.0

0.1 T T T T T T
-14 -12 -1.0 0.8 0.6 0.4 02 0.0

Log of matric potential (kPa)

Fig. 7. Computed hydraulic conductivity from a soil and
average hydraulic conductivity of measurements data from
the three soils and fitted line by Eq. 8. Circle symbols
represent data from the urban soil and square symbols do
data from the rural soil. Solid line is fitted line for the
urban soil and dash line is for the rural soil.

at arelatively large resolution did not capture properties of
intra-aggregate or small size pores.

Conclusion

Soil pore morphological properties have been analyzed
from a three dimensional image. Image analysis of three
dimensional images of soils is useful to quantify pore
properties and characterize pore structure from soils. The
medial axis model was able to quantify pore morpho-
logical properties from a large size sample or image. The
pore network suggested that prediction of hydraulic
properties from three dimensional images can be supple-
mentary to laboratory measurements, especially, inter-
aggregate pore properties. Combination of hydraulic data
from an image and measurement had complete infor-
mation of inter-aggregate pores and intra-aggregate
pores since pores from images were limited by image
resolutions and cell sizes and pores from measurement
gave inaccurate values for large size pores. This pore
network model can be applied to simulation of soil
structure. Especially, this model is useful to predict
hydraulic properties and inter-aggregate pore properties
since the model can preserve large size pore properties and
provides quantitative information of pore geometry and
related properties. Simulation of pore structure using the



422 Chun, H.C et al.

modified pore network model would reveal more detailed
information of soil properties as climate change and
predict changes of pore properties
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