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Abstract—The article provides an overview of the use of computed tomography in the study of soils from the
first works to the present time. The development of computed tomography in the field of hardware and meth-
ods for processing tomographic data—from the first attempts to analyze soil structure using tomographic sec-
tions of low quality to modern methods of segmentation and analysis of volumetric structures using special-
ized software, correlation functions and neural networks—is discussed. The purpose of the article is to show
the possibilities of methods for processing tomographic data in relation to studies of soil structure and to ana-
lyze possible trends of their further development. The article presents examples from the world experience of
using computed tomography for a broad variety of soils, shows various methods of data segmentation that
have been used from the first studies to the recent ones. The specific terminology coined in the course of the
evolution of the method and various morphometric indicators for 2D and 3D images are presented, and a
forecast of the prospects for the method in the near future is given.
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INTRODUCTION

Computed tomography (CT) is an actively devel-
oping method in soil science. From the moment of its
appearance until the beginning of the 21st century. this
method was poorly demanded by soil scientists. Most
of the published studies were limited to tomographic
imaging of large cylindrical specimens—undisturbed
soil cores (“soil monoliths”). Computed tomography
was applied in studies of soil bulk density [69], struc-
ture of large pores of zoogenic origin [13, 46], soil
water content [5, 17], and the spatial distribution of
moisture in the soil [6].

The physical basis of the method is the exponen-
tial law of radiation attenuation. In the X-ray range,
the exponential law is fulfilled with a high degree of
accuracy; therefore, the developed mathematical
algorithms were first applied specifically for X-ray
computed tomography. In 1963, the American phys-
icist A. Cormack solved the problem of tomographic
image reconstruction [16], and in 1969 the English
engineer-physicist G. Hounsfield from EMI Ltd
designed an EMP scanner [42]—the first computer-
ized X-ray tomograph, clinical trials of which took
place in 1971.

The reorientation of computer manufacturers to
the private user, the ubiquity of personal computers

and the growth of their productivity, the development
of microelectronics for the entertainment industry—
exerted a positive impact on the development of many
industries, including the launch of mass production of
X-ray tomographs of a completely new type: small in
size, structurally simple, and allowing one to study the
microstructure of small objects with high resolution.
3D structure analysis has become available to almost
anyone. This also influenced the possibilities of study-
ing the structure of soils.

In the first tomographic studies [ 17, 69], it was pos-
sible to consider only large objects or macropores in
the volume of a soil sample. The development of the
technological base made it possible to move to a dif-
ferent level of research accuracy: 3D studies of soil at
the meso, micro, and nano levels. The parallel devel-
opment of methods for image analysis made it possible
to determine the most convenient algorithms for seg-
mentation of X-ray contrast phases and to develop
programs for calculating volumetric parameters based
on segmented data. In many ways, automatic algo-
rithms are imperfect. Automatic segmentation is still
not reliable [4] and is used to a limited extent. So far,
there is no possibility of classifying objects of the same
phase by their genesis (for example, dividing the pore
space into channels and fissures), but there is a possi-
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bility of separating soil pores according to their shape
and orientation in space.

The hardware and mathematical capabilities of
tomography, as well as the tasks of soil research (analy-
sis of the internal structure and various natural pro-
cesses, the growth and development of the root system,
compaction, changes during the application of fertiliz-
ers, etc.) have shaped the appearance of modern tomo-
graphic soil research, as well as the methods of tomo-
graphic research. In modern tomographic research, the
soil can be studied in several ways at once:

(1) In soil cores (monoliths). A core sample of
undisturbed soil (soil monolith) for tomographic
research is somewhat different from the usual soil core
sample for a soil scientist. This is the soil sampled into
an X-ray transparent tube (PVC tube) of cylindrical
shape with a diameter of 5 to 20 cm and a height of up
to 1 m. This shape of the sample is used for studies of
various practical directions: the study of soil macrop-
orosity [70], the development of root systems [63] or
zoogenic pores [13, 14], changes in the structure of soil
and soil pore space upon application of mineral fertil-
izers [107], studies of soil degradation and compac-
tion [35], and the influence of various soil factors on
the absorption coefficient of X-ray radiation [97].
From the 1980s to the present, the structure of soils
has been studied in this way with a low resolution
because of limitations of the equipment. There are no
specialized tomographs for the study of soils in the
world. Most of the research is carried out on medical
(various Siemens models: Somatom 64, Plus, 512CR,
Philips Tomoscan, etc.), industrial (SMS Model
101B+ CITA), or geological (Russian RKT-180 and its
foreign analogues) tomographs, where the resolution
is no higher than 70 microns. However, at the begin-
ning of 2010, microtomographs that made it possible
to scan a fragment of a monolith of 10 cm in diameter
and 15—20 cm in height with a resolution of about
10 um appeared on the market (Bruker SkyScan 1073,
1273, 2211, 2214 and Nikon and GE models close to
them in terms of parameters), which opened up new
possibilities for studying the structure of soil and soil
pore space at the macro- and mesolevels.

(2) In small soil cores (micromonoliths). The term
micromonolith is only used in Russian soil science [4, 32]
and nowhere else, but soil cores of comparable shape
and size with slight differences are used everywhere in
research. Micromonolith is a cylindrical soil sample
packed in a plastic X-ray transparent cylinder. In
shape, it is a reduced version of a monolith of up to 1—
3 cm in diameter and 5 cm in height. The tasks of
studying soils in such cores include everything the
same as for monoliths. But where detailed resolution is
required, it is possible to analyze the structure at the
meso- or microlevel. So, micromonoliths are used for
a step-by-step study of the development of the root
system [51, 63, 95], tracking structural changes during
swell—shrink [91, 92] and freezing—thawing [39, 83, 99]
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processes, anthropogenic soil compaction, and in a
number of other studies [7, 9, 35, 53, 55, 73, 74, 84, 90].
The resolution of the tomographic survey for micro-
monoliths is slightly different depending on the equip-
ment used (tomograph) and the diameter of the
micromonolith and can vary from 1 to 30 microns.
Micromonoliths can be scanned on medical tomo-
graphs, but samples of this size will not be representa-
tive, since most of the microdetails will simply be lost
because of the low resolution.

(3) In soil aggregates. A soil aggregate is a natural
complex soil unit composed of microaggregates
and/or elementary soil particles [3]; it is a very conve-
nient object for investigation by the method of com-
puted microtomography. Most of the aggregates are
characterized by low absorption of X-ray radiation and
overall dimensions that are convenient for tomo-
graphic examination in the range of 1—4 um. In aggre-
gates with a fractional size of 3—5 mm and less, the
study of the inner structure and intra-aggregate poros-
ity is difficult or even impossible by traditional meth-
ods of micromorphology (thin sections, polished sec-
tions). Modern microtomographs make it possible to
study the structure of individual aggregates with a
fractional size of up to 500 wm with a resolution of 750
(Bruker SkyScan 1172) or 60 nm (Bruker SkyScan 2214).
In the future, in addition to studying the microporos-
ity of soils [94], it will be possible to move to the level
of nanoporosity of microaggregates by combining the
data of tomography and electron microscopy. The first
works in this direction are already underway [31].

The main advantage of the computed tomography
method is a nondestructive nature of this method with
an accurate reconstruction of the volumetric structure
consisting of contrasting phases visible in X-rays: the
solid phase of the soil, pore space, and organic objects
(roots, organic residues, etc.). The advantages of
tomography in comparison with traditional morpho-
logical and micromorphological methods are: (1) the
high speed of obtaining results, including the ability to
conduct accurate 3D monitoring of changes in the soil
structure, moisture, and other parameters with a high
resolution (up to 1 micron and less) and (2) noninva-
siveness (the study takes place without changing the
structure and properties of the sample) [32]. With the
help of tomographic imaging, it is possible to study soil
samples at different moisture levels—from completely
water-saturated to dry—and at different temperatures,
including the frozen state [83, 92]. This enables a step-
by-step study of the dynamics of changes in the struc-
ture (microstructure) of the pore space of soils.

In addition to the methods soil tomography, the
development of methods for obtaining and processing
tomographic data is of interest. If 2D analysis has
remained virtually unchanged since the 1980s and is
used in this form for the analysis of tomographic slices
[9, 93], then 3D analysis is developing very intensively.
EURASIAN SOIL SCIENCE  Vol. 54
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The disadvantages and limitations of the method
do not seem obvious, but they are significant: (1) the
volume of tomographic data depends on the sample
size and resolution; (2) the presence of intersection of
X-ray contrast phases of different minerals in gray-
scale (or the problem of partial filling of a pixel/voxel).
which complicates the identification of individual
mineral phases in the sample, but can be solved by
comparing thin sections and tomographic sections;
(3) the need in human intervention at the stages of
phase segmentation and software processing (filter-
ing) of tomographic images; and (4) imperfection of
methods for analyzing volumetric structures in soil.
Criteria for assessing the state of soils at different levels
of structural organization are only at the stage of elab-
oration, as well as some volumetric indicators by
which these soils are supposed to be assessed. It should
be noted that most of the listed disadvantages are not
inherent to the method itself and do not have a funda-
mental nature; it can be supposed that they will be
minimized or eliminated in the future.

MACROTOMOGRAPHY OF SOILS.
FIRST EXPERIMENTS, 1980—2000

Possibilities and limitations of soil macrotomography.
In the first years of the development of soil tomography,
soils were studied at the macrolevel. Various medical
applications have always been a priority in the develop-
ment of tomography, and the first tomographic studies
of soils were performed with the use of medical tomo-
graphic equipment. Most of the works in the 1980s—
1990s were performed on Siemens medical tomographs
or their analogues [5, 6, 13, 69]. The equipment prede-
termined the shape of analyzed samples: cylindrical
cores of undisturbed soil of various heights. These cores
were relatively large—10—20 cm in diameter—and scan-
ning resolution was about 100 um and coarser.

However, the development of tomographic meth-
ods was not limited to medicine. Soon, it became clear
that the tomograph is a good device for controlling the
quality of industrial products for the presence of hid-
den defects. Powerful engineering devices—flaw
detectors for industries and analyzers of geological
cores similar in the size of the analyzed samples and in
the power of the X-ray source—began to appear.
Devices for studying the structure at the microlevel
were just being developed, as was the software for
them. Ten years have passed since the launch of the
first X-ray tomograph until the publication of one of
the first known works on soil tomography.

In 1982, the work [69] was published, where the
authors determined the soil density using tomographic
data. To assess the size of the pores, a plate with holes
of different diameters (as a reference size standard)
was used and scanned on a tomograph together with
the sample. This method, despite imperfect equip-
ment, made it possible to obtain data of better quality
than SEM (scanning electron microscopy) data. At
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the same time, in the 1980s, it was suggested that SEM
and tomography should be used together as comple-
mentary methods [88].

To a certain extent, the idea of computed tomogra-
phy was ahead of its time. Tomography appeared
almost 15 years before the mass distribution of IBM
personal computers and the rapid development of
computer processor technologies that simplified the
work with tomographic data. The ability to digitize the
internal volumetric structure of studied objects with
subsequent division into X-ray contrast phases (for
example, soil, pore space, mineral inclusions or nod-
ules, and organic matter) is the basis for studying any
volumetric structure as a physical object using a non-
destructive method. However, the reconstruction of
tomographic slices from shadow projections (the result
of tomographic scanning) is a process that requires
high-performance computer equipment. Note that this
only the first stage, and segmentation (dividing an
object into X-ray contrast phases according to shades
of gray) and calculations of volumetric indicators are
also demanding on computer technology and disk
storage. As a result, at these stages, huge volumes of
data are obtained, the possibilities of working with
which are limited even at the modern level of the
development of computer technology.

The unavailability (high cost, low prevalence) of
computing power for reconstruction of tomographic
slices, phase segmentation, and volumetric calcula-
tions was a serious problem at the early stages of
tomography development. On the equipment of the
1980s (Iskra-226 computer), reconstruction of one
slice took up to 7 min [88]. At the same time, there
were problems with storing, processing, and output-
ting data.

To calculate the volumetric indicators used today,
specialized software is used, which is not always avail-
able to researchers in our time, and which simply did
not exist in the 1980s. An alternative to volume in
terms of processing and calculation speed was the
analysis of individual slices and further work with a set
of statistical data. That is what is now called 2D image
analysis.

At present, soil macrotomography is widely applied
for a variety of tasks [9, 13, 59].

2D analysis of tomographic slices and the idea of
cluster analysis. Digital image analysis even predates
tomography. The first automatic segmentation algo-
rithms were developed in the 1970s [67] and they are
still used to work with tomographic data, although
their use in soil tomography does not always guarantee
an accurate result [4]. Initially, 2D analysis was used to
work with SEM images. From there, the generally
accepted characteristics were transferred to tomogra-
phy: porosity, pore size distribution, average size, area,
perimeter, and shape factor of a pore; structure anisot-
ropy; etc. [88].
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In the same time, the concept of tomographic
porosity—porosity limited by the resolution of tomo-
graphic imaging—was developed.

Studies of soil microstructure necessitate not only
qualitative but also quantitative characteristics of
research objects. One of the most efficient methods is
the distribution of pores in vertical sections of the soil
based on the indicators of their orientation and shape.
Some variants of cluster analysis of the characteristics
of soil pores developed for thin sections [85] also
found their application in the analysis of tomographic
data [2]. For quantification, the shape factor was often
used, sometimes in combination with pore orienta-
tion. Pore shape factor allows one to quantify the pore
space of soils at different hierarchical levels. There are
many options for evaluating the pore shape in 2D. The
following variants are used most often:

(a) Shape factor (form factor F) proposed by
Skvortsova [1] for the analysis of scanned images of
thin sections. This indicator has certain advantages in
characterizing the shape of pores in thin sections or
tomographic sections and makes it possible to distin-
guish between several groups of macropores: from
elongated fissures to rounded voids. In a number of
publications [1, 82], this method is used in combina-
tion with cluster analysis [85]. It was also used to vali-
date the quality of stochastic soil reconstructions [49].
Recently, an improvement was proposed to the
Skvortsova classification, which makes it possible to
distinguish between all types of pores by adding a con-
vexity parameter to the equation [62].

(b) Other forms of the pore shape factor, e.g., the
form factor (FF) used in the CT-an program (Bruker’s
proprietary software for processing tomographic
data), which was originally made as a universal instru-
ment for contrasting objects, but also proved to be use-
ful for soil studies [13].

Analysis of soil pores in 2D sections has significant
methodological limitations and is insufficient for
studying anisometric pore space [1]. Thus, diametri-
cally opposite results can be obtained for horizontal
and vertical sections of the soil. Obviously, the
Skvortsova shape factor can be extended for the anal-
ysis of 3D images of soils, although no such attempts
have been made so far.

MODERN STAGE OF THE DEVELOPMENT
OF CT (2000—PRESENT TIME).
OVERALL TRANSITION TO ANALYSIS
OF 3D STRUCTURES IN SOIL

Development and capabilities of modern tomographic
equipment. At the end of the 1990s, the mass produc-
tion of light-sensitive charge-coupled device (CCD)
sensors (analog integrated circuits consisting of linked
photosensitive photodiodes) of high resolution began.
They were used in digital photography, but also influ-
enced the development of tomography. On their basis,
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high-sensitive X-ray cameras were produced and
found their application in tomography. This led to the
appearance of inexpensive microtomographs, such as
the SkyScan 1072 and 1074 models, the resolution of
which was 5—10 times more detailed than that of med-
ical equipment, but the size of the sample was greatly
reduced (down to 1—3 cm in cross section). In the
tomographs of these models, it was physically impos-
sible to put a larger sample. Models of tomographs
from General Electric retained the possibility of
installing large samples, but at the same time the radi-
ation source there in most cases was not powerful
enough to penetrate a soil sample with a diameter
larger than 6—7 cm. The design of a fourth-generation
microtomograph dictates the rule: the smaller the
sample, the more detailed the scanning resolution.
This is true up to the resolution limit, which is about
60 nm in modern tomographs like the Bruker Sky-
scan 2214. Unfortunately, it is impossible to scan a soil
core of 10 cm in diameter with a resolution of 60 nm
on a tomograph, but a separate aggregate of 0.5—1 mm
in size allows the transition to a submicron scale,
which makes it possible to assess changes in the micro-
structure of soils under the impact of the long-term
use of mineral fertilizers. It is technologically possible
to design a tomograph that scans large samples with
nano-resolution, but this will lead to the same prob-
lem that arose 30—40 years ago: a gigantic amount of
data in shadow projections (hundreds of terabytes of
information) [31], which can only be processed by a
system such as a supercomputer or a large corporate
server specially configured to solve such problems.

The development of indicators that assess the func-
tional state of soils can be attributed to the modern
tasks of tomography in soil science. This requires the
study of the structure and microstructure of the solid
phase and pore space of soils, the development of
already existing indicators (e.g., the connectivity of
the pores), and the development and testing of new
mathematical and technical methods.

Microtomography and studies of soil structure and
pore space of aggregates. The advent of new equip-
ment also influenced soil tomography. It became pos-
sible to study the microstructure of aggregates of vari-
ous soils with a fractional size of 250 wm and larger. In
addition to the hardware, new software has also
appeared. Bruker CTan has an object contouring
mode with the ability to cut off internal pores
(ROI shrink warp) that emerge on the sample surface
at a specified threshold. This makes it possible to make
a 3D analysis of the internal structure of the soil aggre-
gate in 100% volume. The volumetric distribution of
any structural elements of the X-ray contrast phases
can be obtained.

At present, there is no alternative to computed
tomography for studying the microstructure of aggre-
gates. While aggregates of coarse fractions (7—10 mm
and larger) can still be studied using traditional micro-
EURASIAN SOIL SCIENCE  Vol. 54
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Fig. 1. Dry aggregate from a soddy-podzolic soil (Albic Retisol) before the load (left) and at the load of 600 g (right). CT scanning

by K.A. Romanenko.

morphological methods, it is simply impossible to
make thin sections from smaller aggregates. The thick-
ness of a thin section is uneven; with good manual
work, it is about 30 microns. With a scanning resolu-
tion of 3 um, this corresponds to 10—11 tomographic
sections forming their own volume, in which there will
almost certainly be closed micropores. Owing to the
contouring and high resolution, the results of tomo-
graphic scanning of a thin section can be combined
with high accuracy (1-2 wm) manually, which will
allow, in addition to morphometric parameters based
on the analysis of tomographic data, to obtain data on
the mineral composition based on the analysis of the
thin section (or polished section).

There are not so many tomographic studies of the
microstructure of aggregates as there are studies of soil
at the macro level, but they are there, and there are
some unusual and interesting works among them. Thus,
using microtomography of chernozem aggregates,
additional diagnostic criteria of negative processes of
soil alkalization were provided: low values of the
open porosity visible on tomographic images and the
virtual absence of humus—clay plasma in the
intraped zone [94]. In addition, microtomography has
been applied to study the rate of decomposition of
organic matter and its relationship with open pores [53].
The experience of morphological description inside the
intraped pore space has also been published [87].

The results of mechanical load on soil aggregates
can also be studied by microtomography. Computed
tomography allows one to visualize the ongoing
changes in the soil microstructure and record the load,
at which such changes take place. The load on the
aggregate is made in a special loading device for the
tomograph. Also, when using such a device, load—
deformation graphs can be analyzed. Such graphs
show the peak load at which cracks appear in the
aggregate (Fig. 1).

Pore space and segmentation of pores according to
their genesis. The pore space of soils is a complex
dynamic structure consisting of pores of various ori-
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gins and shapes. Segmentation of the volumetric
structure of the pore space is actually a visualization of
the total porosity of the object under study. The
dynamics of the total porosity in samples of any vol-
ume can be used as a diagnostic indicator [9], but,
taken separately, it is of little interest. To assess the
qualitative state of soils and their functions, indicators
of the connectivity of the pore space, filtration models
for water or air, and pore size distribution in the volu-
metric structure are much more informative. All this
can be done on the basis of the already developed soft-
ware (Image-J, ParaView, Avizo, etc.). However, if we
do not take into account the organic matter in the soil,
all these models will not work. Until recently, even if
the roots in the pore-channels were clearly visible, it
was practically impossible to separate the pores of
phytogenic origin from other pores. Visualization of
the volumetric structure of the pore space shows how
different characteristic pores or types of pores form the
general architecture of the pore space of the soil [68]
and constitute a hierarchy of pores of different sizes and
origins [22, 23]. The pores can be subdivided into tex-
tural pores determined by the arrangement of primary
soil particles and larger structural pores. The latter are
mainly formed by biological activity and tillage. The
problem of analyzing the resulting complex structure is
that pores of various sizes, shapes, and origins are
repeatedly interconnected and cannot be divided into
categories using existing indicators. There are currently
two promising approaches to solving this problem:

(1) Identification and segmentation of structural
pores according to their characteristic shape. This dif-
ferentiation makes it possible to associate the pores
with the processes of their formation. Thus, it has been
shown that structural pores of phytogenic origin often
form a dense network of cylindrical pores (biopores)
[56, 58, 107]. Also, it is known that different methods
of soil cultivation lead to the formation of pores of a
characteristic shape [71, 72].

(2) Using a hierarchical sampling scheme and
combining information on CT images from samples of
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different sizes (soil samples of different sizes) and res-
olution to obtain a complete description of multiscale
heterogeneity [7, 19, 29, 47, 91, 103]. By combining
the pore size distribution (PSD) data on several sam-
ple sizes [102], it is possible to create a joint pore size
distribution, which increases the size range of visible
porosity.

A number of studies have found that biopores are
fairly well isolated from pores of other origins. This
allows them to be segmented with high reliability and
separated from the rest of the pore space. The authors
of [107] presented their own method of biopore seg-
mentation.

Study of soil structure and soil pore space using cor-
relation functions. The theory of local porosity [11],
pore size distribution, tortuosity, and other parame-
ters [57] can be used to quantitatively characterize the
three-dimensional structure of the soil as a geophysical
medium and its connectivity. However, all these useful
characteristics only describe different aspects of the
structure of the porous medium, a universal descriptor
(this term should be understood as a quantitative indi-
cator reflecting all the necessary features) of the pore
space and soil structure does not exist at the moment.
To describe the structure of an object, ideally, it must be
mathematically represented in the form of some func-
tion or a set of parameters of such a function. In addi-
tion to the existence of such a formulation of the prob-
lem, it is also necessary to solve the opposite problem,
i.e., to restore the structure from its function, which is
usually called reconstruction [45, 98].

The verification of the possibility of describing and
restoring the pore space and soil structure from two-
point correlation functions by the simulated annealing
(SA) method is presented by the authors of the corre-
sponding article [30]. It should be noted that this arti-
cle was written on the basis of the results of the analysis
of 2D images (scanned thin sections), but it can also
be applied to tomographic sections.

According to the results of the study, out of the
eight types of soil pore space, the same type of pore
distribution in shape and orientation in the original
and reconstructed images was observed only in two
cases. The most successful reconstruction based on
the morphometric parameters of the pores was
obtained for a massive soil structure with scattered
rounded pores. It was found that problems with recon-
struction arise due to a large number of differently ori-
ented fissures. Thus, though the method of mathe-
matical reconstruction of the pore space of the soil at
the current stage is far from being perfect, it can be
successfully used for soils and rocks with isometric (in
2D sections) pores. Isometric pores are characteristic
of the massive structure of loamy soil-forming rocks
with rounded biogenic pores and for crumb structure
of humus horizons with isometric dissected packing
voids of crumb aggregates. To improve the description
of soil structure and pore space with the use of correla-
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tion functions, studies in three directions seem to be
promising: (1) combined use of other types of func-
tions (cluster, linear, chord, etc.), (2) development of
a method to take soil anisotropy into account, and
(3) use of multipoint correlation functions [30].

In 2015, a universal stochastic method for combin-
ing multiscale images based on scalable correlation
functions was developed while working on the recon-
struction with the use of correlation functions and
optimization by the simulated annealing method. The
new method can potentially be used for various scien-
tific and applied purposes, including obtaining images
with the so-called super resolution (a resolution higher
than that provided by the device) [27]. A team of
authors solved the problem of comparing two soil
structures on the basis of correlation functions by ana-
lyzing the contribution of each correlation function to
the optimization function when solving the inverse
problem of stochastic reconstruction [27]. Based on
the comparison of the structures, it is possible to esti-
mate the statistical homogeneity of the structure of
soil pore space [33, 34], which is directly related to the
representativeness of the soil structure and various
physical properties in the studied volume, up to the
classical undisturbed samples. According to the
parametrization of correlation functions, it is possible
to compress information about the structure of soils
and build a digital model of a 3D structure of any hier-
archy and complexity [48].

MORPHOMETRIC INDICATORS
IN THE ANALYSIS OF VOLUMETRIC
STRUCTURES AT DIFFERENT LEVELS
OF THE STRUCTURAL ORGANIZATION
OF SOILS

With the advent of 3D analysis of tomographic
data, it became necessary to develop volumetric indi-
cators for assessing the state of soils. Initially, some of
the indicators were borrowed from 2D analysis
(image analysis)—total porosity and the number of
objects (pores)—and adapted for 3D structures.
However, the volumetric structure is very different
from the 2D image. In the volume, the pores are con-
nected, and a situation may arise when the total
porosity of the soil according to tomographic data is
more than 50% in a volume of 1 cm?, whereas there
is only one pore in this volume [94].

Over time, indicators of open and closed porosity
were developed and included in programs for analyz-
ing tomographic data (for example, CTan), where
closed porosity is the fraction of the total volume of iso-
lated pores in the sample volume, and open porosity is
the fraction of the total pore volume reaching the sur-
face [18]. These parameters are useless without refer-
ence to volume, because the larger the volume, the
larger the closed porosity. At the same time, it is quite
acceptable to use them for objects of comparable sizes,
e.g., for soil aggregates of the same fractional size.
EURASIAN SOIL SCIENCE  Vol. 54
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Fig. 2. Calculation of the local thickness of scanned object in 2D (according to [106]).

With the development of 3D analysis, the concept
of the local thickness of an object was formed [15].
Local thickness is an estimated parameter, program-
matically determined by filling the internal structure
of an object with spheres. The method for calculating
the local pore thickness in 2D is shown in Fig. 2; in
3D, the program analyzes the most distant from one
another points of the pore, and builds a “skeletal” line
between them through the geometric center of the
pore; then, it begins to fill the internal volume with
spheres, where the center of the sphere is located on
the skeletal line, and the edge is the nearest border of
the pore.

As a result, a map of the local pore space thickness
is formed, where the pore space volume is divided into
size fractions (the proportion of the volume occupied
by spheres of a certain size fraction). In a sense, this
indicator is more informative than the usual “average
pore radius.” If the fractured pore in the cross section
is a broken line, then it is a plane similar to a crumpled
sheet of paper of different thickness in the volume. If
it partially goes beyond the resolution, then it is a sheet
with holes. In this case, the average radius will be low-
informative, and the local thickness will show the pore
thickness and the distribution of volumes relative to
the thickness. It becomes possible to construct a volu-
metric map of the local thickness of any X-ray contrast
phase, such as germinated seed, mineral grains, or the
structure of the pore space inside the aggregate with a
very high resolution (Fig. 3).

Local thickness as an estimated quantitative indica-
tor is still rare in research; it is known to be used for cal-
culating the pore space of gray forest soil (Greyzemic
Phaeozem Albic) [84, 104] and aggregates [106].
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The method of numerical analysis of three-dimen-
sional tomographic images based on integral geome-
try, topology, and morphological analysis was tested
on soil samples. This method implies the calculation
of the cumulative and noncumulative distributions of
pores in terms of the sizes of the Minkowski functions
and Betti numbers [43, 103].

The quantitative indicators have also undergone
changes. Ifit is possible to determine the closed poros-
ity, then the number of closed pores can be calculated.
Knowing the threshold of water permeability and the
local thickness of the pore space at a given resolution,
it is possible to estimate the functional role of pores,
for example, in filtration or water retention. One of the
urgent problems in the analysis of the volumetric
structure of the pore space is the assessment of the
pore connectivity.

The connected volumetric structure of the pore
space can be estimated in terms of connectivity
parameters. The connectivity of the pore space is an
important parameter that determines the integrity and
intactness of the pore space structure [77]. Connectiv-
ity can be the basis for determining air permeability
and saturated hydraulic conductivity [59, 107]. More-
over, the relationship between different classes of
pores is also important for soil as a habitat for many
organisms, as well as for the availability of soil organic
carbon (SOC) for these organisms and their state of
aeration [53, 64].

One of the most commonly used pore connectivity
metrics is the Euler number. Euler’s number measures
what might be called “excess connectivity”—the
degree to which parts of an object are repeatedly con-
nected [65]. It is a measure of how many connections
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Fig. 3. Modeling the pore space of a typical chernozem aggregate: (a) a tomographic section through the center of the sample
(pores are black); (b) the result of processing and calculation of the local pore thickness in the aggregate volume (from the reso-
lution limit to the maximum thickness of the object). The soil sample was provided by V.A. Kholodov. Scanning, processing, and

modeling were carried out by K.N. Abrosimov.

in a structure can be broken before it splits into two
separate pieces. (Topologically, an object can be com-
pressed into a circle, and redundant joints look like
“handles”.) The components of the Euler number are
three Betti numbers: 3, is the number of unconnected
objects (clusters), B, is the number of redundant
joints, and B, is the number of closed cavities. The
Euler-Poincaré formula for a three-dimensional
object Xis given:

x(X) =By =B +B.

When calculating the Euler number of an individual
object, B is always equal to unity. The values of 3, and
B, will determine the Euler number of an individual
object [101]. The number of closed cavities in the soil
is usually insignificant [102]. If we neglect B,, ¥
becomes negative, if the number of redundant con-
nections exceeds the number of unconnected clusters,
and positive, if vice versa. For a pore space with many
connections, the Euler number will be negative, and
for a pore space with many isolated pores, it will be
positive.

The y number is a global metric that can be effi-
ciently calculated from the frequency of local pixel
configurations within 2 X 2 X 2 voxel neighborhoods.
It is independent of the size of the connected clusters.
Thus, negative ) does not necessarily mean that there
is a long-distance connection through the associated
pore cluster [80, 102].

In addition to the Euler number, a dimensionless
I'-indicator has been developed that is sensitive to
long-distance coupling, that is, its value is higher, if

most of the porosity belongs to the largest linked clus-
ter [58, 80]:

N,
1 2

F = — i’lk,

"N, Zk:l

where N, is the number of all pore voxels p, N; is the
number of all clusters, and #, is the number of pore
voxels in cluster k. I" reflects the probability that two
randomly selected pore voxels belong to the same pore
cluster and are strongly influenced by the largest pore
cluster n, [44]. It can range from 0 (many uncon-
nected clusters) to 1, when all pore voxels belong to the
same linked cluster. I'-indicator usually increases with
increasing porosity along an s-shaped curve without a
clear percolation threshold [80]. The slope of this
curve reflects the change in the size of the associated
pore clusters, i.e., it is a measure of the variability of
percolation between samples of the dataset [80]. Thus,
I'-indicator reflects the probability of detecting a con-
tinuous path through the pore system, and ) reflects
the number of internal connections without taking
into account their length [40].

In the works of the last 20 years, the Euler number
is almost always encountered, when the pore space of
the soil is determined as the object of study, and the
connectivity of the pore space is chosen as the crite-
rion for assessing its state [7, 43, 53, 64]. Recent devel-
opments in the field of describing the structure of
porous media suggest that the Minkowski functionals
can be successfully unified with correlation functions,
since they are a subset of them [60, 61].
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Fig. 4. Brightness distribution of elements in dependence on the absorption coefficient against the background of water sorption.
The graph is based in the MuCalcTool database for minerals and rocks.

PROSPECTS OF COMUTED TOMOGRAPHY
IN SOIL STUDIES

Dual energy method and its application for soil
objects. Dual energy computed tomography (DECT)
implies scanning of the same sample at two different
energies of the X-ray source. For example, at 40 and
100 KeV. In DECT, several X-ray spectra are used to
characterize the attenuation of photons depending on
the material. Processing of such data allows one to see
what is not visible at any one energy of the source.

The fact is that the number of X-ray contrast
phases that we observe depends on the change in the
scanning energy. There are many clay minerals in the
soil, the X-ray absorption of which coincides in most
cases, so that they are represented by the same shade
of gray on tomographic sections, but there are also dif-
ferences (Fig. 4). For example, at the energy of 40 keV,
most of the clay minerals and elements present on the
graph will be distinguishable from each other and will
be represented by their own grade of gray. At the
energy of 100 keV, only the pore space with water and
calcite will remain distinguishable. The rest of the ele-
ments will merge into one shade of gray.

Leaving only one (lower) energy level is not always
the right decision. There are minerals that can change
their places on the graph at different energies; the
grades of gray at 40 and 100 keV will actually remain
the same, but they will correspond to different ele-
ments. Knowing this fact, we can choose the energy, at
which the grades of gray for these minerals will be
indistinguishable as background data. Further, after
processing the data stacks, it will be possible to judge
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the distribution of each of the elements in the sample
with high accuracy.

In medicine, the dual energy method is considered
new and revolutionary [96]. In soil science, it is rarely
used, though it is known for a long time. Thus, this
method can be used to calculate soil density and water
content [12, 17]. Potentially, this method can allow
solving the inverse problem and reconstruct the
amount of phase in each voxel [100, 105]. However, the
use of such technologies for the analysis of soils can be
difficult because of the significant chemical heteroge-
neity of soils. The dual energy method opens up possi-
bilities for developing contrasting of X-ray contrast
phases that are weakly visible at certain energies.

Combination of FIB—SEM data and computed
tomography. The combination of computed tomogra-
phy and electron microscopy methods is a promising
direction. Considering the small size of the study
object, the tomographic data at the resolution limit can
be combined with the results of the scanning electron
microscopy with ion beam columns (FIB—SEM). Such
a study was carried out in 2020: computed tomography
data were combined with FIB—SEM data for an area
of 50 um? [31]. The tomographic data resolution was
I um, and the FIB—SEM resolution was up to 2.5 nm.

The data obtained can be useful for characterizing
the pore size distribution, in the range from 2.5 nm
to~ 1 um. Three main types of nanoporosity have
been described: (a) between mineral grains and
organomineral complexes, (b) within the organic mat-
ter, and (c¢) in the minerals. At present, this method
has a number of serious drawbacks: very small size
(volume) of the studied object and, hence, low represen-
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tativeness; lack of methods for processing FIB—SEM
images, especially for pore segmentation; high cost;
damage arising from milling a sample for FIB—SEM;
effects of cryogenic processing; etc.

However, obvious advantages of this approach are
the detailing of pores and differentiation of materials
via local probing of the chemical composition and
possibility to apply numerical modeling for nanoscale
processes (flows, microbial activity, etc.) [31].

Possibilities of neural networks in the processing and
analysis of tomographic data. A significant difficulty
inherent in any method of image analysis (tomo-
graphic slice, photograph of a thin section, SEM
image, etc.) is the need to select threshold values for
separating the materials composing sample, or the so-
called segmentation. As we noted above, pixels/voxels
at phase boundaries often contain several materials.
Many complex methods and automatic algorithms have
been developed for image segmentation [66, 67, 89],
but the diversity of methods has no positive effect on
their efficiency.

In recent years, neural network technologies have
found wide application in the field of image process-
ing. Modern approaches to local segmentation can
provide reliable data for training a neural network of
tomographic image segmentation. In the study [54],
the authors used the hybrid architecture U-net + Res-
Net-101; 7 tomographic images of the soil were
applied for test segmentation. Training was performed
by excluding the segmented image from the training
and validation datasets. The segmentation accuracy
was assessed using standard computer vision metrics
(accuracy, sensitivity, intersection over union (IoU),
etc.) and pore-scale simulation to calculate the per-
meability of the resulting 3D binary soil images.
Depending on the soil sample, the segmentation error
according to the calculated hydraulic properties varied
from 5 to 130%. Although the synthetic tomography
method is still not developed enough to provide us
with reliable data modeled with the necessary physical
realism, the methodology proposed in this article is
already applicable to solving a number of practical
problems:

(1) Having a large set of training data from tomo-
graphic images, it is possible to build a convolutional
neural network (CNN) that will segment computed
tomography data of soils much faster and without an
operator than the already known methods, such as
kriging or convergence of active contours, which
require large computational costs.

(2) The CNN methodology can be trained to seg-
ment FIB—SEM images of soil structure at the
nanoscale [31], where traditional segmentation meth-
ods for tomographic images are not applicable [54].

Possibilities of open-source codes and software for
modeling the physical properties of soil on the basis of
data on its structure. Once the 3D images are sepa-
rated into phases, in the simplest case, pores and sol-
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ids, this information can be used to simulate physical
properties, including hydraulic and transport charac-
teristics. All such techniques can be roughly divided
into two classes: direct models and simplified algo-
rithms. The first, for example, include techniques for
solving the Navier—Stokes equations for modeling
one- and two-phase filtration of fluids in pores. The
most popular direct methods are the (1) lattice Boltz-
mann method LBM [50, 75]; (2) finite element
method FEM, finite volume method FVM and vol-
ume of fluid method VoF [78, 10]; (3) hydrodynamics
of smoothed particles SPH method [41]; (4) finite dif-
ference method FDM applied for the Laplace and
Stokes equations [32, 86]; (5) level set method [76]; and
(6) phase-field or density functional method [20, 81].
However, all these computational methods require
significant computational resources, which limits the
size of the simulation region, in which computations
can be performed to a very limited volume, usually up
to ~ 7003 voxels. However, computations for such seem-
ingly very small domains, even using high-perfor-
mance computing resources, may require several
weeks with significant parallelization across hundreds
of computational cores. These problems often pre-
clude the ability to work with representative elemen-
tary volumes (REV) of soils, as well as with composite
images. The only practical option is to use indirect
modeling methods, such as pore-network models
(PNM) [24-26], which in fact can be efficiently
parameterized using direct pore scale modeling by any
of the above methods [62, 79]. Although PNMs allow
efficient computations to simulate one-, two-, and
even three-phase filtration, in order to use them, it is
first necessary to extract a porous network model from
a 3D image [8, 34]. Currently, there is a set of open
codes and free software for pore-network modeling,
including the solution of the Stokes FDMSS equa-
tion [32] or the solution for non-Newtonian fluids
[21], modules for OpenFOAM for direct modeling of
one- and two-phase flows [78], libraries for the selec-
tion of porous network models PoreSpy and calcula-
tions in them OpenPNM [36—38]. At the same time,
the extraction of the PNM from a 3D image allows us
to conduct a more accurate analysis of the pore size
distribution in comparison with the simple morpho-
logical methods described above.

CONCLUSIONS

Based on the analysis of publications on tomo-
graphic studies in the field of soil science, it is possible
to determine the main directions ways of further
development of computed tomography in soil science:

(1) Further development of the instrumental and
analytical base will make it possible in the near future
to obtain high-quality ultrahigh-resolution tomo-
graphic data;

(2) The development of segmentation based on
self-learning neural networks; if successful, it will cre-
EURASIAN SOIL SCIENCE  Vol. 54
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ate a service for smart data segmentation. This does
not mean cancelling of manual segmentation and
existing algorithms everywhere and at once, but will
allow us to overcome one of the bottlenecks of soil CT,
where the role of human factor is high; in the future,
such a segmentation will serve as the basis for express
analysis of soil structure based on tomographic data;

(3) The knowledge base on the structure and pore
space of soils will be supplemented by new research
from various regions of the world. Several years ago,
the experience of multiscale soil studies was tested,
and this was a step towards an integrated approach to
the study of the entire soil profile, and possibly a step
towards a mathematical description of the soil struc-
ture at the regional level with forecasting and risk
assessment;

(4) Improvement of calculation methods. Already,
there are many open source programs for data visual-
ization and filters for tomographic images, which are
in no way inferior in functionality to commercial
models [54], but often without a friendly interface.
The appearance of software packages partially or com-
pletely made for the analysis of soil images, by analogy
with the already existing SoilJ (plug-in for ImageJ) [52],
including software for modeling fluid flow in the soil,
can be expected.
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