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ABSTRACT: Mass transport within porous media is governed by their pore networks, which is highly
influenced by pore structure parameters such as pore size distribution, porosity, pore tortuosity and pore
coordination number. Micro-focus X-ray computed tomography (MFXCT) has emerged as a powerful non-
destructive tool for the direct visualization and better understand soil pore geometry. In this study, soil
macropore networks (typically, pore diameter > 30 um) were visualized and gas transport parameters were
measured for volcanic ash soils taken from Nishi Tokyo City, Japan. Especially, the study aimed to identify
the effect of moisture content on pore structural parameters based on MFXCT analysis and compare the
MFXCT derived parameters to indirectly-estimated parameters from soil gas diffusion coefficient and air
permeability such as pore tortuosity-connectivity factor (Xg) and equivalent pore diameter (dg) for gas flow.
Both undisturbed and repacked samples were used for characterizing soil pore networks. In MFXCT analysis,
the pore structural parameters such as effective pore diameter (dwexcr), pore tortuosity (Twmexcr), and
coordination number (Cwuexcr) were measured. Results showed the moisture content affected clearly pore
structural parameters, Tuexct and Cuexcr decreased with increasing soil air filled porosity, however, measured
dwvrxct were independent on the moisture content. For both undisturbed and disturbed samples, the measured
Tmexct and Xg became close and plotted in a narrow range between 1:1.5 and 1.5:1. On the other hand, high
variations were observed between dvexcr and dg, indicating that the indirectly estimated equivalent pore
diameter from soil gas transport parameters does not correspond to the mean diameter of soil macropore.

Keywords: Pore Structural Parameters, Microfocus X-ray Computed Tomography (MFXCT), Volcanic Ash
Soil, Macropore, Soil-Gas Diffusion, Air Permeability

1. INTRODUCTION indirect pore parameters for gas flow based on
measured soil gas diffusion coefficient (D) and air
Knowledge and understanding of gas transport permeability (ka). Naveed [7] measured gas
processes in porous media are important for the transport parameters (D, and ka) for Accusand
environmental risk assessment and design of (Unimin Corp., Ottawa, MN) and Granusil (Unmin
remediation methods at the contaminated sites. For Corp., Emmett, ID) and derived the correlations to
examples, estimating emission of greenhouse gases pore structural parameters from X-ray CT analysis.
from solid waste landfill site [1], estimating They suggested that reasonably good agreement in
contaminates at polluted sites and estimating tortuosity values obtained from CT analysis and
aeration rates in agricultural soils [2]. Gas transport from gas transport parameters. Similarly, Baniya
in soil occurs through the soil pore network, which [8] and Muller [9] found that pore structural
is mainly controlled by soil pore structural parameters derived from X-ray CT were affected by
parameters such as pore size distribution, pore compaction and they fairly predicted gas transport
tortuosity and pore coordination number. Non- parameters such as soil-gas diffusivities and air
destructive methods, such as an X-ray computed permeabilities.
tomography (CT) has become a powerful technique In this study, soil macropore networks with pore
to identify three-dimensional characterization of diameter > 30 pum were visualized for different
soil pore [3,4]. Recently, numerous studies have moisture contents of volcanic ash soils using
examined pore structural parameters based on the MFXCT system. Volcanic ash soils (Andosols) are
X-ray computed tomography (CT) about porosity characterized by unique soil physical properties
[5], pore size distribution [6] and pore network such as low bulk density, high water retention
tortuosity [7]. However, there is limited number of capacity and high permeability [10]. The gas
studies on visualization and quantification of soil transport parameters of the soil samples (Dp and ka)
pore network and soil pore networks linked with the were measured in the laboratory. The objectives of
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this study were to (i) evaluate the effects of moisture
content on the pore structural parameters and (ii)
compare pore structural parameters from MFXCT
to the indirectly estimated pore structural
parameters such as equivalent pore diameter and
tortuosity-connectivity factor for gas flow.

2. MATERAILS AND METHODS
2.1 Materials

Volcanic ash soil (Andosols) collected from the
grass-covered field at the University of Tokyo’s
agricultural site in Nishi-Tokyo City, Japan was
used in this study. Both undisturbed and repacked
soil sampled from two different depths: 5 cm and 50
cm depth below the surface were examined. The
soils physical and chemical properties are shown in
Table 1. For repacked soil samples, particle size (d
< 2mm) with field water content ( Samples below
the 5 cm depth, w = 76 % and samples below the 50
cm depth w = 124 %) were prepared with various
dry bulk densities (5 cm depth samples — 0.55 and
0.80 g cm® and 50 cm depth samples — 0.49 and
0.55 g cm) by manual compaction. The samples
were directly packed in an acrylic core of height
406 cm and diameter 5.61 cm. Undisturbed
samples were used in the intact condition. All
undisturbed and packed samples (FWC) were
saturated and subsequently drained to the desired
soil-water potential (v, cmH,0) values using a
hanging water column (w = 0 to —-60 cmH,0), and
a pressure chamber (=100 to -10,000 cmH;O) by
maintaining required moisture contents. Finally, all
the samples were prepared in air dry conditions
(AD) (w < -10,000 cmH,0) at the constant room
temperature of 20°C and relative humidity (RH) =
60%.

2.2 Micro-focus X-ray CT Measurements and
Analysis

Visualization of the soil pore structures was
carried out using a microfocus X-ray CT (MFXCT)
system (inspeXio SMX-90CT, Shimadzu Corp.,
Japan). At first, soil samples were scanned by
MFEXCT system with different scanning resolutions
viz. 12, 30 and 50 pm/voxels. The scanned slices
were reconstructed as a three-dimensional structure
(Exfact VR 2.1, Nihon Visual Science, Inc., Japan)
with different region of interest (50x50%50,
100%100x100, 200x200x200 and 300x300%300
voxels) and pore structural parameters such as pore
diameter, pore tortuosity and pore coordination
number with a three-dimensional medial axis
(3DMA) method [4,11] (EXFact analysis for porous
particles, Nihon Visual Science, Inc., Japan) were
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analyzed. The 3DMA package analyzes the CT data
using the three steps: image segmentation, image
skeletonization (construction of medial axis) and
medial axis analysis. The details of the 3DMA
package for X-ray CT analysis can be referred in
earlier publications [4,6-8,11]. For image
segmentation, predetermined soil air-filled porosity
at different moisture content were used to segment
pore and grain spaces. The details of scanning and
analysis conditions for the MFXCT system are
summarized in Table 2.

Fig.1 exemplifies the Multi-Planner
Reconstruction (MPR), and binarized images at 5
cm depth of the undisturbed and repacked volcanic
ash samples with different scanning resolution
(SR). For each parameter, mean values and
distributions of parameters were obtained by fitting
normal or lognormal distributions to the results at
three ROIs. For each scanning conditions, the
effective pore diameter (dmrxct) Was fitted with log
normal distribution curve whereas the pore
coordination number (Cwmexct) and the pore
tortuosity in z direction (Twmexcr) were fitted by
normal distribution curves. Typical examples of the
effects of scanning resolution on the distribution of
pore structure parameters are shown in Fig.2. The
result shows that the dvexcr is more depended on
the SR in the MFXCT scanning compared to the
pore tortuosity or the pore coordination number.
This verified that lower SR size results in lowering
the dmexcr. Similar findings were obtained in a
previous study for various loamy soils [8].

All pore structure parameters for undisturbed
and repacked samples varied depending on the ROI
in the MFXCT scanning (Fig.3). However, such
variations decreased with increasing ROI (typically,
ROIs >100x100x%100 voxels). For both undisturbed
and repacked samples, ROl = 50x50x50 voxels
showed high variation due to the limited number of
pores in the analysis. The pore structure parameters
are generally similar for ROI larger than
200x200x200 voxels. Sometimes, the larger voxels
were not used in the analysis due to very large
computational complexity for the pore structure
analysis software used in the image analysis
(EXFact analysis for porous particles, Nihon Visual
Science, Inc., Japan). In this study scanning
resolution 12 and 30 pum/voxel and ROI = 200
x200%200 voxels were used for image analysis.

Calculated mean (p) and standard deviation (o)
values of pore structure parameters for undisturbed
and repacked samples with different SR are
summarized in Table 3. For all mean pore structural
parameters, there were less variations of
undisturbed and repacked samples based on p and
O.
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Table 1 Basic physical and chemical properties of the soils used in this study (< 2mm fraction)

Soil type Particle size ps pd ) EFWC SOC SON C/N Lol Soil
fraction % gem?®  gem?®  cmiem?®  cmiem’® % % % % condition
Sand Silt Clay
0.80 0.68 0.07
VAS 0.78 0.69 0.09 Undisturbed
(5 cm depth) ) ) 0.55 0.78 0.36 0.45 0.04 124 319
o i ! ot 0.80 0.68 0.07 Repacked
0.49 0.82 0.21
VAS 0.49 0.82 0.21 Undisturbed
(50 cm depth) 40 40 " 27 0.49 0.82 0.21 0.58 0.03 17.1 20.6
' 0.55 0.80 0.11 Repacked

ps - particle density, pq : dry bulk density, @: total porosity, erwc : air-filled porosity at field water content, SOC: soil organic carbon; SON:
soil organic nitrogen; LOI: loss of ignition; VAS: volcanic ash soil

MPR image
Undisturbed

SR =12 pm/voxel

SR =30 pm/voxel

SR =50 pum/voxel

Repacked

Binarized image
Undisturbed Repacked

Tmagge scale in mm

Fig.1 Multiplanar reconstruction image (MPR) and binarized images for undisturbed and repacked volcanic
ash samples of dry bulk density 0.80 g cmat field water contents.

Table 2 Scanning and analysis conditions for micro
focus X-ray computed tomography

Parameter Setting Unit
SR 12 30 50 pum/voxel
Average number 4
for scanning
View Number 3600
FOV (X,Y) 120 310 508 mm
FOV (2) 6.4 164 26.8 mm
Scaling Factor 150
Image size of slice 1024x1024 voxels
Number of slices 540
50%x50x50

ROI 100%100%100 voxels

200x200x200

300x300x300

SR: scanning resolution, FOV: field of view, ROI: region of
interest

61

2.3 Measurements of Gas Transport Parameters

After the MFXCT scanning, the soil samples
were reused to measure the gas transport parameters
- the soil-gas diffusion coefficient, D, (cm? s*) and
air permeability, k, (um?) at the constant room
temperature of 20°C. The D, was measured by
using the diffusion chamber method developed by
[12, 13]. Oxygen gas was used as a tracer gas and
the change in the oxygen concentration was
measured as a function of time in the diffusion
chamber. In this study, the gas diffusion coefficient
of oxygen in free air (Do) at 20°C was taken as 0.20
cm? st [12, 14] was used to calculate soil gas
diffusivity. The ka was measured by an air
permeameter from the Darcy’s equation [15] based
on the pressure differences across the soil sample
and viscosity of the air (1.86x10° Pa s). The
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tortuosity-connectivity from gas transport was X; = log (ﬁ) Jloge 1)
calculated using previously developed simple Do

power-law models as given by Eq.(1) [16] whereas dg = 2/8kq/(Dy/Dy) (2
equivalent pore diameters were estimated using the where, X and dg are the pore connectivity-
relationship between diffusivity (Dp/D,) and air tortuosity factor and equivalent pore diameter for
permeability(ka) as given by Eq. (2) [17] gas flow.

respectively.
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Fig.2 Distribution of pore structure parameters for undisturbed volcanic ash soils of dry bulk density 0.80 g
cm® with different scanning resolution (SR). (a) effective pore diameter (dmexcr) (b) pore tortuosity (T wexct)
(c) pore coordination number (Cwexcr). (ROl = 200x200x200 voxels)

Table 3 Summary of pore structure parameters effective pore diameter (dwrxcr), pore tortuosity (Twmexcr) and
pore coordination number (Cwexcr) by microfocus X-ray computed Tomography measurements at SR 12 and
30 um/voxel with region of interest of 200x200%200 voxels

Sample pd SR 12 pm/voxel SR 30 pm/voxel
gem dmFxcT Twmrxct CwMFxcT dmFxct Twmrxct Cw™Fxct
M o ] o ] o 1} o M o ] o

VAS 0.80 61.0 141 - - 3.49 1.33 176 44.2 - - 3.25 131

5 cm depth
(Undisturbed FWC) 0.78 64.0 147 - - 317 112 170 391 - - 3.18 0.96
VAS 0.80 59.0 105 153 004 339 107 160 304 158 006 329 1.09

5 cm depth
(Undisturbe% AD) 0.78 59.4 11.1 1.56 0.05 3.44 1.14 165 34.7 1.61 0.06 3.44 1.14
VAS 0.55 57.8 12.1 1.69 0.10 3.10 0.95 242 60.2 1.60 0.06 3.46 1.02

5 cm depth
(Repacked FWC) 0.80 59.4 12.8 - - 3.26 1.16 172 42.4 - - 3.26 1.10
VAS 0.55 58.2 102 165 0.08 322 092 194 314 173 009 3.09 0.80

5 cm depth
(RepackedpAD) 080 576 102 157 005 317 085 158 292 158 005 320 086
VAS 0.49 65.8 15.8 1.74 0.23 3.16 0.95 212 59.2 1.76 0.15 3.22 0.91

50 cm depth
(Undisturbed FWC) 0.49 648 146 182 014 323 103 212 604 18 018 328 101
VAS 0.49 57.6 11.0 161 0.07 3.20 0.93 165 26.3 1.68 0.10 3.28 1.0

50 cm depth
(Undisturbed AD) 049 590 113 161 007 323 103 166 360 167 009 324 091
VAS 0.49 63.8 15.6 1.86 0.17 3.23 1.06 230 63.8 1.79 0.14 3.562 1.18

50 cm depth
(Repacked FWC) 055 648 161 224 039 329 118 214 581 - - 325  1.04
VAS 0.49 55.2 9.3 162 014 317 088 218 613 163 007 357 122

50 cm depth
(Repacked AD) 055 568 102 183 015 316 087 176 311 197 015 283 053
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VAS: volcanic ash soils; SR: scanning resolution, p4: dry bulk density, duexcr: effective pore diameter, Tyexcr: pore tortuosity, Cyexcr:

pore coordination number, p: mean, ¢: standard deviation
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Fig.3 Distribution of pore structure parameters for undisturbed volcanic ash soils of dry bulk density 0.80 g
cm3 with different region of interest (ROI) (SR 30 um/voxel) : (a, €, i) ROI = 50x50x50voxels, (b, f, j) ROI =
100x100x100 voxels, (c, g, k) ROI = 200%x200%200 voxels, and (d, h, ) ROI = 300x300x300 voxels and (a),
(b), (c) and (d) are effective pore diameter (dwrxct), (€), (f), (9) and (h) are pore tortuosity (Twexct), (i), (j), (K)
and (1) are distribution of pore coordination number (Cwexcr)

3. RESULTS AND DISCUSSION

3.1 Effects of Moisture Content on Pore
Structural Parameters

To clarify the dependence of moisture content,
mean values of dmexct, Tmrxcr, and Cuexcr for all
tested samples measured by MFXCT at the
scanning conditions of SR = 12 and 30 pum/voxel
(ROI = 200x200x200 voxels) were plotted against
soil air content (Fig. 4). The mean dmexcr values
from SR = 12 pm/voxel was about 60 pm and those
from SR = 30 um/voxel was about 180 pum.

Mean Twmrxctr and Cwexcr values decreased
slightly with increasing soil air filled porosities
(Figs. 4c-4f) however measure duexcr for all tested
samples were independent on the moisture content
(Fig. 4a and 4b). For comparison, the findings for
dMFXCT s TMFXCT, and CMFXCT were obtained in a
previous study [8] for variably compacted loam are
also included in Figs. 4a-4f. Especially, for those
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moist samples (low &), the Tmexcr values become
higher than the others. It is supposed that pore space
is disconnected due to water. Baniya [8] found that
pore structural parameters derived from MFXCT
were affected by compaction (dwexcr and Twmexct
decrease and Cwmrxcr increase with increasing dry
bulk densities). However, in this study Tmexcr and
Cwmexcr Varies slightly with increasing soil air-filled
porosities. The difference between the results
obtained at different moisture conditions (t-test P >
0.05) for both SR = 12 and 30 pm/voxel were not
significant. It was expected that, the pore structure
parameters (dMFXCT, TMFXCT, and CMFXCT) would
vary with moisture contents so that the derived
relation between pore structural parameters from
MFXCT with soil air contents also varies. The
dependency of pore connectivity tortuosity factor
(X) and equivalent pore diameter (dg) on soil air-
filled porosities (¢) are shown in Fig. 5a and Fig. 5b
respectively. X decrease with increasing e
(minimum values on soil air filled contents at PF3)
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and increased to a large X¢ value at air dry Resurreccion [18]. However, dg increase with
condition. It is interesting that the observed trend increasing e.
was analogue to the previous studies by
SR =12 pm/voxel SR = 30 pym/voxel
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Fig.4 Effects of Moisture contents on pore structural parameters: (a, b) effective pore diameter, dwmexcr, (C, d)
pore tortuosity, Twmexcr, and (e, f) pore coordination number, Cuexcr. (a), (¢), and (e) were measured at a
scanning resolution (SR) of 12 um/voxel and region of interest (ROI) of 200x200x200 voxels and (b), (d),
and (f) were measured at SR = 30 um/voxel and ROI = 200x200%200 voxels
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3.2 Comparison of Pore Structural Parameters
from MFXCT and Gas Transport Parameters

For both undisturbed and disturbed volcanic ash
samples, the measured pore tortuosity from
MFXCT (Twmexcr) and estimated pore connectivity
tortuosity factor (X¢) became close and plotted in a
narrow range between 1:1.5 and 1.5:1 (Figs. 6a and
6b). This correlation gives the indirectly estimated
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tortuosity-connectivity factor well represents the
tortuosity of soil macropore network. Naveed [7]
had also reported that reasonably good agreement
between the pore characteristic parameter tortuosity
determined from MFXCT analysis and gas
transport parameters. On the other hand, there was
no correlations observed between effective pore
diameters from MFXCT (dwrxct) and equivalent
pore diameters for gas flow (dc) (Figs. 6¢ and 6d).
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This indicate that indirectly estimated pore
diameters do not correspond to the diameter of
macropore network in volcanic ash soil. It has been
reported that volcanic ash soils have a typical dual
pore  structure  consisting of interpore
(corresponding to macropores in this study) and
intra pores (micropores in aggregates) [19]. The dg
would not be evaluated by macropore network (i.e.,
dwvrxcr) but be controlled significantly by interpore
network of volcanic ash soils.

4. CONCLUSION

The effects of moisture content on pore
structural parameters for undisturbed and disturbed
volcanic ash soils based on the microfocus X-ray
CT were analysed and compared the MFXCT
derived parameters to indirectly estimated
parameters from soil-gas diffusion coefficient and
air permeability. Mean pore tortuosity and pore
coordination number decreased with increasing soil
air filled porosity, however pore diameter was
independent on moisture content. Indirectly
estimated pore diameter does not correspond to the
mean pore diameter of soil macropore, on the other
hand, pore connectivity tortuosity factor well
represents the tortuosity of soil macropore from
MFXCT. Further studies are needed to characterize
soil pore network and its correlation to gas transport
parameters in soil.
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