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Abstract: The fractal characteristics of soil microstructures, including the size, distribu-
tion, and dynamic evolution process of soil particles, cracks, and intergranular pores, are
important factors influencing the macroscopic physical properties of soils. Quantitative
characterization, qualitative analysis, and the impact of fractal characteristics on macro-
scopic properties have been important research directions in recent years. This paper
summarizes the research status on soil microstructure fractal characteristics, elaborating
on the kinds of soil fractal characteristics, the calculation methods of fractal characteristic
parameters, and the influence of fractal characteristics on macroscopic properties. Based
on existing research results, this paper proposes that future research on soil microstruc-
ture fractal characteristics should focus on the following aspects: (1) advancing fractal
characteristic research towards higher precision and multi-dimensionality to reveal the
internal relations between soil fractal characteristics and macroscopic physical properties;
(2) strengthening interdisciplinary collaboration to promote theoretical innovation in fractal
analysis and build a more comprehensive system for studying the evolution of soil fractal
characteristics; and (3) a close integration with engineering tests to promote the applica-
tion and transformation of research results, providing valuable references for optimizing
construction schemes and improving the service performance of engineering structures.

Keywords: soil microstructure; fractal characteristics; fractal dimension; macroscopic properties

1. Introduction

As an essential component of the earth’s surface in nature, soil has a complex com-
position and structure. It is a typical porous medium material with discontinuous and
heterogeneous properties. The size, composition, and dynamic evolution of soil particles,
cracks, and intergranular pores directly influence the macroscopic physical and mechanical
properties of soil [1,2]. Fractal geometry provides an effective means to describe the com-
plex and irregular shapes found in nature. The existing research has found that the size and
distribution of particles, cracks, and intergranular pores in soil reveal fractal characteristics,
and fractal characteristics at different scales exhibit self-similarity, meaning that the local
and overall structures present similar geometrical forms statistically [3]. In addition, under
the influence of primary sedimentary, stress history, and environmental factors, differences
in particle size, arrangement, and pore morphology emerge within the soil’s internal spatial
distribution, exhibiting heterogeneity and anisotropy [4,5]. Through a comprehensive anal-
ysis of self-similarity, heterogeneity, and anisotropy based on fractal theory, the complexity
of particles and pores can be qualitatively described and quantitatively characterized,
revealing the intrinsic relationship between the microstructure and macroscopic properties
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of soil. Since the 1980s, in order to solve the difficulties and challenges encountered by soil
in terms of strength, deformation, and long-term service performance [6], domestic and
foreign researchers have adopted the theories of fractal geometry, fractal measurement,
and fractal mechanics [7,8]. Through theoretical research, laboratory tests, and modeling
analysis, quantitative and qualitative studies have been carried out on the size, shape,
and contact mode of soil particles, as well as the size, quantity, area, and connectivity
of pores and pore diameters [9-11], revealing the self-similarity of soil microstructures
and opening up new approaches and methods to reveal the evolution law and influence
mechanism of soil macroscopic physical, mechanical, and chemical properties from the
micro-perspective [12].

Li et al. [13] found that after F1 reinforcement, the fractal dimension of pore structure
distribution in loess decreased from 1.244 to 1.076, the total pore area and pore quan-
tity decreased significantly, and the density and carrying capacity increased significantly.
Xu et al. [3] found that the fractal dimension of pore distribution in saturated soft soil
particles decreased as porosity decreased, and the fractal dimension of particle distribution
increased as the soil became denser. Kong et al. [14] found that an increase in the fractal
dimension of soil can enhance its strength at low freezing temperatures. He et al. [15] found
that both the cohesion and internal friction angle of gravelly soil decreased as the fractal
dimension increased. Sun et al. [16] found that the unconfined compressive strength of
cement-reinforced frozen clay increased as the fractal dimension of pore area decreased but
decreased as the fractal dimension of pore volume increased. In current research, the quan-
titative characterization of the relationship between soil microstructures and macroscopic
properties using fractal dimensions remains insufficient. For instance, a decrease in the
fractal dimension of loess and soft soil enhances compactness and bearing capacity, while
an increase in the fractal dimension of frozen soil improves strength. Conversely, gravel
soil exhibits reduced strength with increasing fractal dimension. Despite these findings, the
contradictions between different soil types lack thorough analysis and comparison of their
underlying microscopic mechanisms. Moreover, most studies rely on static tests, failing
to address how dynamic processes, such as loading and freeze-thaw cycles, influence the
evolution of fractal characteristics in practical engineering scenarios. For example, changes
in fractal dimensions may result from multiple factors, including pore compression and
particle reorganization.

Xu et al. [7] developed a fractal model incorporating spatial heterogeneity and
anisotropy to quantify the relationship between soil microstructural fractal features and
macro-mechanical properties. Their results demonstrated significant correlations between
fractal dimensions and key parameters, including the water characteristic curve, perme-
ability, diffusion coefficients, and shear strength. Notably, the inflection points of the
water characteristic curve aligned with dominant pore size intervals, while the nonlinear
shear strength behavior was closely tied to the scale effects of pore fractal characteristics.
Zhang et al. [8] discovered that the fractal characteristics of soil pores determine the mobil-
ity of water in the soil and affect its actual infiltration capacity; the larger the particle size of
the soil, the coarser the pore aperture distribution, and the greater the allowable infiltration
capacity of the soil. Wang et al. [17] studied the pore fractal dimension of expansive soil
using mercury penetration experiment parameters and the Menger sponge model and
found that there is a correlation between the pore fractal dimension of expansive soil and
the pore characteristic parameters. Zhu et al. [18] revealed the relationship between the
fractal characteristics, cementation degrees, and shear strength of rudstone and found that
rudstone has good double fractal characteristics; the cementation degrees significantly
affect its shear strength. Kong et al. [10] found that when the confining pressure increased,
the cyclic dynamic stress ratio of soft soil increased, while the fractal dimension decreased.
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In recent years, with the development of high-precision digital image processing tech-
nology, researchers have further revealed the heterogeneity and anisotropy of particle
contact modes and pore space distribution, establishing the quantitative relationship be-
tween the evolution laws of microstructural fractal features and macroproperties of soil.
Future research should focus on combining high-resolution imaging techniques to conduct
multi-scale analysis of the soil microstructure, providing more accurate theoretical support
for engineering practices such as underground projects, soil property improvement, and
infrastructure construction.

The existing research has found a correlation between the microstructure of soil and its
macroscopic physical and mechanical properties. Fractal theory has attracted widespread
attention from researchers studying the soil microstructure. However, research on the
fractal characteristics of the soil microstructure is still in its preliminary stage, and the
relationship and interaction mechanism between fractal characteristics and macroscopic
properties are not yet clear. In view of this, this paper summarizes and analyzes existing
research from the perspectives of the fractal characteristics of the soil microstructure, the
methods for calculating fractal dimensions, and the influence of fractal characteristics on
macroscopic properties. Based on the existing problems and deficiencies in current research,
this paper explores the focus and future trends in this field. It provides a valuable reference
for studying the fractal characteristics of the soil microstructure and their influence on
macroscopic physical and mechanical properties.

2. Fractal Characteristics of Soil
2.1. Soil Particle Fractal Characteristics

Fractal characteristics of soil particles refer to the geometric characteristics shown by
the size, shape, and spatial distribution of soil particles, which are mainly characterized
by the mass, area, volume distribution, and particle shape parameters [19,20]. The fractal
characteristic parameters of particles include the length—diameter ratio, circularity, fractal
dimension of particle mass, volume, or surface roughness [21]. The methods for calculating
the fractal characteristics of soil particles include Tyler and Wheatcraft model fitting, laser
particle analysis technology, computer image analysis, and so on [22,23]. The Tyler and
Wheatcraft models calculate the fractal dimensions of soil particle distribution at different
scales through linear fitting. Laser particle analysis technology and computer image
analysis are used to determine the equivalent diameters and distribution patterns of soil
particles, providing data support for the calculation of particle fractal dimensions [22-24].

Dong et al. [25] analyzed the particle volume fractal characteristics of 31 loess
specimens and found that the fractal dimension of loess particle volume ranged from
2.28 to 2.47, and the relationship between the fractal dimension of clay; silt, and sand was
Deiay < Dsitt < Dsang- Moreover, the fragmentation probability P corresponding to Dy, Dsiy,
and Dy,,,; showed scale dependency, decreasing as particle size decreased. Zuo et al. [26]
found that the particle fractal dimension of Guiyang red clay was 2.83, and it gradually
increased with the increase in soil dry density. Huang et al. [21] used fractal characteristic
identification methods (FCIMs) to study soil particle characteristic parameters. The identifi-
cation process includes microstructure photography, ovality recognition, roughness recogni-
tion, particle area calculation, gradation, and major axis inclination statistics. Here, ovality
and roughness represent the shape and surface characteristics of soil particles, respectively,
while gradation, the porosity ratio, and major axis inclination parameters represent the
size, area content, and anisotropy of soil particles, as shown in Figure 1. Additionally, the
remolded soil microstructure model was combined with finite element analysis to predict
soil permeability using statistically significant soil particle characteristic parameters.
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Figure 1. Characteristic parameter identification algorithm (r¢ is ovality. 1. is roughness. L and L,
are the long and short axis lengths; the unit is m. Ry, ; and R, ; are the solid length of the soil particle
and the radius length of the ellipse on the same line segment; the unit is m) [21].

The analysis of the soil microstructure using fractal characteristic parameters of par-
ticles can not only quantitatively describe the complex microstructure of soil particles
and reveal the statistical self-similarity of particle size, shape, and spatial distribution but
also qualitatively characterize the heterogeneity and anisotropy of soil. This is of great
significance for predicting the macroscopic physical and mechanical properties as well
as the evolution laws of soil. Most existing research adopts the traditional single fractal
analysis method, which fails to effectively integrate the local fractal characteristics of soil
with the study of overall microstructure and soil properties. Therefore, it is necessary to
further improve the fractal characteristic calculation methods and observation techniques
to advance the in-depth understanding of fractal characteristics in the soil microstructure.

2.2. Pore Fractal Characteristics

The fractal characteristics of soil pores refer to the complex and irregular geometric
properties exhibited by the size, quantity, and spatial distribution of pores. These char-
acteristics can be quantitatively described using the fractal dimension, which captures
the distribution and complexity of pore structures through parameters such as pore size
distribution, quantity, area, volume, and surface area [2,27]. The pore profile of soil can be
analyzed using various techniques, including the mercury intrusion method, adsorption
method, light scattering method, scanning electron microscopy (SEM), and computed
tomography (CT) scanning. The fractal dimension of pores can then be calculated using
the box-counting method [28,29].

Yang et al. [30] studied the changing characteristics of effective seepage channel
structures in coal under different confining and water pressures. They found that the
volume of large pores in the coal specimens changed significantly under varying water and
confining pressures, and pores with radii larger than 0.27 um were identified as effective
seepage pores. As shown in Figure 2, in the process of coal seam water injection, the
influence of the change of coal internal microstructure caused by the change of water
pressure and confining pressure on the seepage characteristics is mainly concentrated in the
aperture range of large pore, middle pore, and transition pore. Tao et al. [31] investigated
the pore distribution characteristics of Wuhan clay using mercury intrusion porosimetry
tests. They found that small pores in the clay exhibit relatively strong fractal characteristics,
and their fractal dimensions are unaffected by dry density. Compaction primarily causes
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the volume compression of large pores, and the overall fractal characteristics of the pores
are enhanced, tending toward inherent fractal properties. Mao et al. [32] discovered that the
pore distribution and shapes in soft soil exhibit fractal characteristics. After reinforcement,
the pore distribution area in soft soil decreases, and the pore size distribution becomes
more uniform. The fractal dimension can be used to evaluate the reinforcement effect and
mechanical properties of the soil.
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Figure 2. Variation of pore radius distribution under fixed confining and water pressure
conditions [30].

The pore fractal dimension can be used to qualitatively and quantitatively characterize
the microstructure of porous materials, and it has been preliminarily applied in soil science
and material science. Existing research has found that a single pore fractal dimension
cannot fully reflect the multi-scale effects of soil pore structure, leading to the segmentation
of pore fractal dimensions within different pore size ranges. Therefore, it is urgent to further
optimize the observation and calculation methods of pore characteristic parameters. For
example, when the microscopic pores of clay soil are analyzed using the mercury intrusion
method, the bottleneck effect of this method results in a higher distribution density of
small pores and a lower distribution density of large pores. Consequently, the study of soil
pore fractal dimensions should focus on the multi-scale structure effects and advance the
development of observation and calculation methods toward higher precision.

2.3. Multi-Fractal Characteristics

Multi-fractal characteristics refer to the self-similarity and heterogeneity of the soil
microstructure at different scales, which cannot be quantitatively characterized by a single
fractal dimension. It is necessary to consider the variation of fractal dimensions at different
scales and establish a quantitative relationship between them and the macroscopic physical
and mechanical parameters of soil [33,34]. The multi-fractal characteristic parameters of
soil include the generalized fractal dimension spectrum, multi-fractal spectrum function,
multi-fractal singularity index, multi-fractal spectrum width, and multi-fractal parameter
ratio [35-37]. The equivalent diameters and distribution law of soil particles can be mea-
sured by a laser particle size analyzer, the fractal dimension D, the multi-fractal singularity
index a, the corresponding spectrum function f(«), D1 /Dy, and Aa, which can be calculated
to reflect the heterogeneous level of soil particle size distribution [36,37].

Zhang et al. [38] conducted a three-dimensional multi-fractal analysis to quantitatively
characterize soil in a coal mine dump. They found a strong correlation between multi-
fractal parameters, which effectively reflected the three-dimensional spatial characteristics
of reconstructed soil pores. Ju et al. [39] used CT technology to establish a multiple
regression model between the saturated permeability coefficient and the porosity of loess.
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Their results indicated that multi-fractal characteristics were significantly correlated with
soil properties and large pore structures. Bai et al. [40] employed both single and multiple
fractal analysis methods to study the particle size distribution (PSD) of loess. As shown in
Table 1, when the clay volume fraction varied within a narrow range, the variation in D,
was also limited. The ratio D /Dj was used to characterize the heterogeneity of PSD; the
closer the ratio is to 1, the more uniform the particle distribution.

Table 1. Correlation analysis between soil texture, fractal, and multi-fractal parameters [40].

Clay Silt Sand
Volume Volume Volume Dy Dgana Dy D; D, D1/Dyg A
Fraction Fraction Fraction
Clay volume 1
fraction
Silt volume fraction 0.755 ** 1
Sand volume —0.795%  —0.998 ** 1
fraction
Dgiit 0.847 ** 0.339 * —0.396 * 1
Dgana 0.030 0.243 —0.227 —0.279 1
Dy 0.165 0.278 -0.273 0.050 —0.211 1
Dq 0.642 ** 0.553 ** —0.574 ** 0.569 ** —0.350 * 0.457 ** 1
D, 0.493 ** 0.221 —0.253 0.642 ** —0.584 ** 0.202 0.878 ** 1
D1/Dy 0.177 —0.001 —0.016 0.263 0.044 —0.865 ** 0.050 0.266 1
A 0.524 ** 0416 * —0.436 * 0.338 * —0.298 0.146 0.433 ** 0.154 —0.185 1

Note: Dy is the fractal dimension of silt. Dy, is the fractal dimension of sand. Dy is the capacity dimension.
D; is the information dimensions. D, is the correlation dimension. D /Dy is the multi-fractal parameter ratio.
Aa is the multi-fractal spectrum width. * is significant at the p < 0.05 level. ** is significant at the p < 0.01 level.

Multi-fractal characteristic analysis can calculate the full-scale fractal dimension to a
certain extent and reveal the evolution law of microstructure fractal characteristics as the
physical and mechanical properties of soil change. However, its essence lies in adopting
different calculation models for different test methods, and it lacks a relevant method-
ological basis and applied research. In the future, research on the applicability of calcula-
tion methods and models should be conducted in combination with test principles and
calculation models.

3. Calculation Method of Soil Fractal Dimension
3.1. Fractal Dimension of Particle (Pore) Quantity—Particle (Pore) Size Distribution

In 1986, Turcotte [41] proposed a fractal model to describe the relationship between
particle quantity and particle size distribution. Building on this foundational work, sub-
sequent researchers extended the model to include both particles and pores, establishing
a generalized fractal model for quantity-size distribution based on Turcotte’s principles
as follows:

N(r>R) xRP (1)

* N(r > R) is the number of particles (pores) whose particle (pore) size is larger than R.
D is the fractal dimension of the particle (pore) quantity—particle (pore) size distribution.

Zhang et al. [24] found that the larger the fractal dimension of particle quantity—particle
size distribution, the smaller the particle size of soils and the higher the content of particles
of a single size. Li [42] studied the fractal dimension of soil particle distribution and the
spatial variability of soil physical and mechanical parameters. By calculating the particle
quantity fractal dimension, it was found that this dimension was significantly negatively
correlated with the content of sand particles, and the finer the soil texture, the smaller the
particle quantity fractal dimension. Yang et al. [43] found that with an increase in slag
micro-powder content, the fractal dimension of solidified loess first decreased and then
increased, indicating that an optimal amount of slag micro-powder can effectively reduce
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the fractal dimension of loess, resulting in a smoother and more uniform pore structure
and improved mechanical properties of loess.

The fractal dimension of particle quantity—particle size distribution (pore quantity—
pore size distribution) can quantitatively or qualitatively characterize the complexity of
soil particles (pores), which provides effective support for studying the evolution of macro-
scopic physical and mechanical properties of soil. The quantity of particles (pores) cannot
be obtained directly, and the approximate calculation method is usually affected by the
assumed conditions and the degree of conformity to reality. In addition, when the quantity
of particles (pores) is obtained by the sieving method or SEM, it is difficult to accurately
predict the particles (pores) with small diameters, and due to the limited quantity of par-
ticles (pores), usually only 4-6 particle levels of data can be obtained. Such a discrete
classification method will significantly affect the calculation accuracy of the fractal dimen-
sion. The particle mass distribution can reflect the actual composition characteristics of
soil more accurately by considering the difference in the specific gravity of soil particles of
different particle sizes and avoid the systematic error caused by ignoring the difference of
specific gravity in the particle quantity method. In addition, the mass distribution method
is less dependent on experimental data and can still obtain more reliable fractal dimension
calculation results, even under the condition of incomplete particle size distribution data.
Therefore, in the study of the fractal dimension of particle quantity-size distribution, it is
recommended to prioritize the particle mass distribution method, and at the same time,
combine a variety of experimental methods (such as laser particle size analysis, mercury
intrusion method, etc.) to obtain more comprehensive particle size distribution data so as
to improve the accuracy and reliability of the calculation of shape dimension.

3.2. Fractal Dimension of Particle Mass—Particle Size Distribution

It is easier to obtain particle mass than particle quantity. Tyler et al. [44] deduced the
fractal model of particle mass—particle size distribution, assuming the particle density is
the same as follows:

M(r < R) R 3P

(2)

Mr (E)

* M(r < R) is the particle mass with a particle size of less than R. Mr is the total mass
of particles. Ry, is the maximum particle size. D is the fractal dimension of particle mass.

Yang et al. [45] established the fractal relationship between particle mass distribu-
tion and average particle size and found that clay content and the concentration ratio of
single-sized particles significantly affect the fractal characteristics of soil particle size distri-
bution. The larger the fractal dimension, the denser the soil structure and the weaker the
permeability. Hu et al. [46] found that the fractal dimension of soil particle size distribution
was positively correlated with the content of fine soil particles, and the more fine particles
present, the larger the fractal dimension. Huang et al. [19] found that the value of the
fractal dimension can reflect the composition of soil particles, and the fractal dimension
increases with the increase in clay content and decreases with the increase in sand content.
These findings collectively highlight the importance of fractal dimensions in characterizing
soil properties.

Compared with other fractal dimension calculation methods, Formula (2), which
is widely adopted in most existing studies both domestically and internationally, has
the advantages of a simple calculation process and easy acquisition of measured data
on particle mass—particle size distribution. However, this method usually requires the
assumption of uniformity of particle density in the calculation process, which has obvious
limitations in practical application, especially when calculating the fractal dimension of
fine soil particle mass. The results are often low, and it is difficult to accurately reflect the
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complexity of the soil microstructure. In addition, the method ignores the spatial variability
of particle density when dealing with heterogeneous soils, which may lead to systematic
deviation of the fractal dimension calculation results. In future studies, the calculation
method should be further optimized to adopt more reasonable and realistic assumptions,
such as introducing the spatial distribution function of particle density or considering the
influence of particle shape. At the same time, for different soil properties, more precise
calculation models should be established, combined with experimental data and numerical
simulation, to improve the accuracy and applicability of the fractal dimension calculation
results. In addition, the application of multi-scale fractal theory can be explored to describe
the complex characteristics of the soil microstructure more comprehensively and provide a
more reliable theoretical basis for engineering practice.

3.3. Fractal Dimension of Particle (Pore) Volume—Particle (Pore) Size Distribution

Tyler and Wheatcraft [47] assumed that the density of soil particles is constant and
all particles are spherical in shape. Wang and Tao et al. [48,49] optimized the assumption
and derived the fractal model of the particle (pore) volume—particle (pore) size distribution
as follows:

V(r < R) R 37D

7 (/Tv) (©)

* V(r < R) is the volume of particles (pores) whose particle (pore) size is less than R.
V7 is the total volume of particles (pores). A, is the maximum size of the particle (pore).
D is the fractal dimension of the particle (pore) volume—particle (pore) size distribution.

Wang et al. [48] analyzed the volume fractal dimension of 178 soil specimens and
found that the calculation results were more reasonable when the assumption of particle
density uniformity was not made. They also discovered a significant logarithmic correlation
between the volume fractal dimension of soil particles and the volume content of particles.
Dang et al. [50] observed that the fractal dimension of particle volume in Chinese loess
gradually decreased from south to north, with minimal variation at different depths within
the same location. Zhang et al. [51] analyzed the fractal dimension of particle distribution
and the maximum or minimum pore size of clay and eco-materials, proposing a calculation
formula for consolidation deformation based on the microscopic pore structure of soil.
Wang et al. [52] studied the fractal dimension of pore volume distribution in soft clay before
and after freeze-thaw and compression. They found that as the fractal dimension of pore
volume distribution increased, the distribution trend became more nonhomogeneous, with
a significant increase in the volume of micro- and small pores.

The fractal dimension of particle volume offers the advantage of characterizing the size,
composition, and texture uniformity of soil particles without assuming uniform particle
density. Future research endeavors should concentrate on elucidating the influence mech-
anisms by which spatial variability in soil formation and storage environments impacts
particle fractal characteristics. Additionally, it is imperative to delve into the evolutionary
patterns of soil texture and particle fractal characteristics across varying geological ages,
depositional environments, and stress history conditions. It is recommended to employ
multi-scale analysis methods to systematically evaluate the volume fractal dimension across
different particle size ranges and establish quantitative relationship models between fractal
dimensions and the physical-mechanical properties of soil, mineral composition, and struc-
tural features. Furthermore, classification variables, such as soil engineering categories
and usage, should be integrated into the research framework to develop a comprehensive
evaluation method for soil microstructure macroproperties based on fractal theory. This
approach will not only enhance our understanding of the distribution characteristics of soil
particle (pore) volume—particle size (pore) but also provide a novel theoretical foundation
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for predicting and controlling soil engineering properties, thereby promoting innovative
applications of fractal theory in geotechnical engineering.

3.4. Fractal Dimension of Undisturbed Area (Volume) Distribution of Particles (Pores)

When calculating the quantity and volume fractal dimensions of particles or pores,
measurements must be taken after dispersion. However, this process can destroy the
original microstructure of the soil. To obtain a fractal dimension that reflects the undisturbed
characteristics of the soil, researchers should use the undisturbed area or volume of soil
particles or pores to address this issue [53].

The box-counting method is extensively utilized in the investigation of the soil mi-
crostructure owing to its simplicity. However, it exhibits notable limitations in terms of
accuracy and precision, with the selection of box size significantly influencing the cal-
culation outcomes. Advances in digital image processing technology, high-resolution
microscopic imaging techniques, and intelligent algorithms have enabled computer pro-
grams not only to automate the box-counting process and handle large-scale data but also to
optimize box size selection through adaptive algorithms, thereby enhancing computational
efficiency and accuracy. For instance, integrating edge detection and image enhancement
techniques allows for more precise identification of boundary characteristics in the soil
microstructure. The incorporation of intelligent algorithms can automatically determine the
optimal range of box sizes, thereby minimizing errors associated with human intervention.
Nonetheless, despite significant technological advancements, the box-counting method
still faces challenges when dealing with complex microstructures and remains inadequate
in characterizing multi-fractal features [54-56]. When applying the area or volume fractal
model of particles or pores to calculate the fractal dimension, it is crucial to consider the
limitations of the calculation model and the accuracy of data acquisition and processing.
Currently, the application of fractal models for calculating fractal dimensions is limited.
Future research should focus on improving the rationality of the assumptions underlying
fractal models and enhancing the accuracy of the calculation results. See Table 2.

Table 2. Fractal dimension of undisturbed area (volume) distribution of particles (pores).

Research Method Calculation Method Remark
Box-counting method [54] N(r) xr~P, D = lim llﬂ N(r)
r—oIn(/1) R is particle (pore) size and Cy, Aq, Cp, and
2-D o
Fractal model of undisturbed area A(r > R) = Cy[1 — (/\3) I, Ay are constants descnl?mg the shape and
(volume) [47,49,53,57] R \3-D size of the particle (pore).
49,53, V(rZR):cvp_(/Tv) ]

3.5. Fractal Dimension of Particle (Pore) Surface Distribution
3.5.1. Fractal Dimension of Particle Surface Distribution

Qin et al. [58] studied the fractal characteristics of silt particle size distribution using
the yardstick method. They found that the fractal dimension could effectively characterize
the uniformity of silt particle size distribution, with a smaller fractal dimension indicating
a more uniform particle distribution. Xia et al. [59] obtained the Hurst index and fractal
dimension of loess specimens using the rescaled range analysis (R/S) method. They found
that the Hurst index could reflect the evolution trend of the soil erosion process, with a
larger Hurst index corresponding to a smaller fractal dimension. Wang et al. [60] used the
structure function method to quantitatively analyze the three-dimensional distribution
and fractal dimension of clay particle surfaces. They found that the surface area-volume
combined quantitative characterization method could better reflect the three-dimensional
characteristics of soil. Hou et al. [61] used the W-M function in the spectral dimension
method to quantitatively analyze the distribution characteristics of soil surfaces. They
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found that the fractal dimension is an intrinsic property of rough surfaces, independent of
the resolution ratio of the measuring instrument and sampling length. They also proposed
that the W-M function analysis method has high accuracy for simulating measured soil
surfaces. See Table 3.

Table 3. Fractal dimension of particle surface distribution.

Research Method

Yardstick method [62]

Calculation Method Remark
¢ is the size length. N is the number of segments
D=1-k required to measure the curve. R(J) is the length of
R(6) = No1-P the curve measured using size d. k is the slope of the

regression line.

R/S analysis method [63]

Cis a constant. H is the Hurst index. T is an arbitrary

RO .-H_C,D=2-H

S(1) selection value of data interval.
Structure function E[Z(x+A) — Z(x)]* = C|A[*2P, E[Z(x + A) — Z(x)]? is the arithmetic mean value of
method [64,65] D=2— % the difference square.

G is the characteristic scale coefficient. 7 is the curve

frequency density parameter. n is the frequency
. . Z(x) = G(O-1) g cos(2717"x + ¢n) index of the curve micro-convex. #; is the minimum

Spectral dimension = L 2_Djn . N .
method [61,66,67] n=n Y frequency index of the micro-convex. L is the
T p(f) = %, D= ST_k sampling length, v, = 1/L. m, @, is the random

phase. p(f) is the power spectrum. f is the spatial
frequency. G is the intercept.

When calculating the fractal dimension of the particle (pore) surface distribution,
the structure function method has the highest calculation accuracy because of its full use
of logarithmic data and accurate capture of local details; especially, when dealing with
complex microstructures, it can effectively avoid the impact of scale effect. In contrast, the
sizing method is highly sensitive to the selection of the scale and the scale interval, so it
is easy to introduce large errors; especially, in the case of an unreasonable division of the
scale interval or an uneven distribution of data points, the calculation results of fractal
dimensions will have significant deviations. The structure function method can better
reflect the nonlinear characteristics of the particle (pore) surface, but the size rule is easily
affected by the artificial scale division, which leads to a large error in the calculation result
of the fractal dimension. To address this, future research should establish consistent data
acquisition and processing standards, thereby improving both the objectivity of calculations
and the accuracy of fractal characteristics for particle or pore surfaces.

3.5.2. Fractal Dimension of Pore Surface Distribution

Liu et al. [68] derived the functional relationship between the cumulative mass curve
of soil particles and the fractal dimension of the pore surface and obtained the cumulative
volume of soil particles with a radius < R (assuming that the minimum radius of the
particles is 0), as shown in Formula (4). Taking logarithms on both sides, the fractal
dimension D; of the soil pore surface can be obtained as follows:

3D? — 13D + 14+1
R
V(<R) = / V(R)dR = cR D3 —5Ds+4 @
0

* V(LR) is the cumulative volume. R is the particle size. D; is the fractal dimension of
the pore surface. c is a constant term.
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By analyzing the relationship between mercury injection and pore surface energy in
the mercury intrusion test, the fractal dimension calculation model of the pore surface can
be established [69] as follows:

n v1/3 D
Y PAV, = cri( ’; ) ®)

i=1 n

* P; and AV, are the pressure and volume of the ith mercury injection. r, and V,, are
the nth mercury injection and nth cumulative mercury injection.

Zhang et al. [70] used a low-temperature nitrogen adsorption test and an FHH fractal
model to study the fractal dimension of earthen site specimens and found that the smaller
the pore fractal dimension, the lower the pore wall roughness and the greater the likelihood
of producing weathering diseases. Cui et al. [71] found that the fractal dimension of the
pore surface, the pore diameter, and the volume in the micropore and mesoporous regions
of the freeze-dried samples were all larger than those of the dried samples.

4. Analysis of the Influence of Soil Fractal Characteristics on
Macroscopic Properties

4.1. Permeability

The existing research has revealed that microstructure irregularity directly impacts
soil permeability, whereas particle gradation heterogeneity influences pore channel geom-
etry [21]. Specifically, a smaller fractal dimension indicates a more concentrated particle
size distribution, which enhances pore structure regularity and stabilizes seepage channel
width and tortuosity [72]. In contrast, a larger fractal dimension increases pore space net-
work heterogeneity, leading to detoured seepage paths with increased resistance from both
detour angles and extension lengths [72,73]. Yang et al. [74] discovered that tight sandstone
exhibits significant three-level fractal characteristics in its pore structure—large, medium,
and small pores—with large pores showing the strongest heterogeneity. The medium pore
volume and its fractal dimension are crucial determinants of tight sandstone permeability.
Deng et al. [75] found that sand and clay content significantly influences particle fractal
dimensions; higher sand content correlates with lower clay content, resulting in smaller
fractal dimensions and greater soil permeability. Huang et al. [21] constructed a microscopic
seepage pore channel model of soil based on soil particle fractal characteristics and the
fractal reconstruction algorithm (FCRM). The test parameters and modeling parameters of
the model are shown in Table 4, where the modeling parameters are obtained by image
recognition and empirical estimation. As shown in Figure 3, gradation and porosity mainly
affect the width and tortuosity of seepage channels, while the ovality, roughness, and dip
angle of the major axis mainly affect the angle and length of seepage channels’ detour.

Table 4. Parameters for model validation [21].

Comparative

Example dyg d3o dsp dyg dgg eg T Tisd re Tesd 1% Vexpl10~4 Vyuml10~4 7l%
Example 1 0.25 0.40 0.71 1.25 2.00 0.548 1.5 0.2 0.04 0.01 0~m 2.22 2.13 3.2
Example 2 0.25 0.50 1.00 2.00 3.70 0548 1.5 0.2 0.04 0.01 0~7t 5.47 5.31 29
Example 3 0.25 0.56 1.25 2.61 4.03 0.548 1.5 0.2 0.04 0.01 0~m 5.64 5.57 1.2
Example 4 0.25 0.63 2.00 3.07 423  0.548 1.5 0.2 0.04 0.01 0~7 6.03 5.94 1.5

Note: ey, 1, 1154, e, and .44 are the porosity, ovality, ovality dispersion coefficient, roughness, and dispersion
coefficient. a is the dip angle of the major axis. Vexy and vy, are the actual seepage coefficients predicting the
seepage coefficient (cm/s). 77 is the relative error.
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Figure 3. Influence mechanism of soil permeability [21].

4.2. Shear Strength

The influence of soil particles and pore fractal characteristics on shear strength is
mainly embodied in the parameters of microstructure characteristics, such as the fractal
dimension of soil particles and pores, which can reflect their contact and arrangement state.
The larger the fractal dimension of soil particles, the more irregular their shape becomes
and the higher their surface roughness, resulting in stronger mechanical interlocking
between soil particles and an increase in soil shear strength. The larger fractal dimension
of soil pores leads to a more complex and fragmented pore structure, resulting in smaller
effective contact areas between particles, reduced friction between soil particles, and
decreased shear strength [76]. In research, it is essential to consider the coupling effect
of particle and pore fractal characteristics to accurately predict and evaluate the shear
strength properties of soil [76,77]. Yi et al. [78] found that when the fractal dimension of
fracture structures increased, the cohesion and internal friction angle of expansive soils
decreased. Wang et al. [79] discovered that the fractal dimension of particle distribution
significantly influenced the internal friction angle in soil, while the fractal dimension of pore
distribution had the least impact on it. When the fractal dimension of particle distribution
was reduced, cohesion and internal friction angles could be increased to prevent soil shear
failure. Chai et al. [80] investigated the evolution law of compressed shear failure particles
and the fractal characteristics of fractured block distribution in mudstone samples. As
shown in Table 5, with an increase in shear angle, fractured blocks tend to become larger,
and the fractal dimension of fractured block distribution decreases logarithmically.

Table 5. Fractal dimension of the compressive shear fracture particle in mudstone [80].

Specimen

# # 4 # # # # # #
Quantity 1 2 3 1 2 3 1 2 3
Shear angle 40° 45° 50°
Fractal dimension 2.168 2.148 2.190 2.031 2.038 2.045 1.935 1.964 1.944
R? 0.979 0.960 0.975 0.960 0.965 0.983 0.983 0.988 0.977

4.3. Compression Characteristics

Interaction between particles and pore evolution are the key factors affecting the
compression characteristics of soil. The fractal characteristics of particles and pores can
characterize the arrangement of particles, pore distribution, and evolution law of soil
under external forces [31]. The friction, extrusion, and cementation between particles can
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cause particles to rearrange and spall, strengthen the connection strength between particles,
change the compression modulus of soil, and affect the stress—strain relationship of soil [81].
During the compression process, the loss of large pores will lead to an increase in soil density
and a decrease in permeability coefficient, while the formation of small pores will affect
the water holding and gas migration characteristics of soil [81,82]; the changes in the soil
microstructure during consolidation and shear are shown in Figure 4a [83]. Moreover, as
shown in Figure 4b [83], intergranular pores of compacted soil are sensitive to consolidation,
and the dominant pore size decreases with the increase in consolidation pressure. Before
the arrangement of aggregates is changed, the structure of aggregates will not be destroyed
and the pores within the aggregates will not be compressed. Zhou et al. [84] conducted
triaxial compression tests on mudstone samples and found that higher confining pressure
results in a slower growth rate of crack fractal dimension. Tao et al. [31] discovered that the
soil compression process forces large pores to constantly adjust towards a stronger fractal
distribution, and the inherent fractal characteristics of small pores can serve as a benchmark
index for clay compression.
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Figure 4. (a) Schematic diagram of microstructure changes during soil consolidation and shear [83].
(b) PSDD under different consolidation pressures (e;, is the cumulative pore ratio. PSDD is pore size
density distribution) [83].

The existing research has shown that the theory of porous medium seepage and
the fractal model of pores can accurately predict the permeability of soils. However, the
influence of fractal characteristics on shear strength is mainly focused on specific soils (such
as clay and sand). Moreover, the existing research results on the fractal characteristics of
pores and particles cannot fully reflect the evolution characteristics of the soil microstructure
and their impact on macroscopic properties, such as soil particle spallation, particle contact,
and pore self-organization. Additionally, the physical and chemical properties of soil vary
significantly across different regions, along with differences in specimen preparation and
test environments, which results in the existing research findings not being universally
applicable. Therefore, future research should enhance the qualitative and quantitative
characterization of the fractal dimension of particle (pore) distribution, further clarify the
influence of fractal characteristics on variations in the macroscopic physical and chemical
properties of soils, advance the development of fractal characteristic analysis and calculation
methods toward higher precision, and transition from two-dimensional image analysis to
three-dimensional structural evolution research.

5. Conclusions and Prospects

Research on the fractal characteristics of the soil microstructure provides new ideas
and methods for revealing the mechanisms of microstructural evolution and the variation
of macroscopic physical properties. This paper summarizes and analyzes the types of
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fractal characteristics in soil, methods for calculating fractal characteristic parameters, and
the impact of fractal characteristics on macroscopic properties. It is found that future
research in this field should focus on the following aspects:

(1) Research on fractal characteristics is evolving towards higher precision and multi-
dimensionality. The existing two-dimensional fractal analysis methods fail to adequately
account for the pronounced non-uniformity and spatial heterogeneity inherent in the soil
microstructures. Future research should prioritize the integration of high-resolution three-
dimensional imaging technologies, such as X-ray computed tomography and focused ion
beam scanning electron microscopy, with advanced digital image processing techniques.
Such methodological advancements are crucial for elucidating the intrinsic relationships
between soil fractal characteristics and their macroscopic physicochemical properties.

(2) Strengthen interdisciplinarity and promote theoretical innovation of fractal
analysis. Future research should integrate advances in geological morphology, computa-
tional modeling, and micromechanical analysis from materials science. By incorporating
deep learning algorithms, a predictive model for the soil microstructure based on fractal
characteristics can be developed. This integrated approach will enable systematic analysis
of microstructural evolution and fractal feature development under varying formation and
environmental conditions, thereby building a more comprehensive system for the study of
soil fractal characteristics evolution.

(3) Close contact with engineering tests to promote the application and transfor-
mation of research results in underground engineering, soil property improvement,
and infrastructure construction. Current research on soil fractal characteristics primarily
emphasizes theoretical analysis and laboratory investigations. Future studies should inte-
grate fractal analysis of soil with complex engineering conditions to develop macroscopic
physical-mechanical models based on microscopic fractal characteristics. For instance,
fractal analysis can optimize grouting material particle size distribution to enhance grouting
efficiency, while fractal dimensions can predict surrounding rock crack propagation to in-
form support design. These models will enable the prediction and analysis of soil physical
and mechanical properties, as well as engineering behaviors under varying conditions,
accurately assessing soil strength, deformation, and long-term stability.
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