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Abstract
The macroscopic properties of loess are signi�cantly controlled by its microstructure. Quantitative analysis of loess
microstructure is essential for modeling the microstructure and further incorporating the microstructural effects into
geotechnical practice. However, loess has a multi-scale microstructure ranging from nanometer to millimeter scales, and
researches at the particle resolution are still inadequate. This study systematically investigates the micrometer-scale
microstructure of loess from Jingyang, China, via X-ray computed tomography and the image segmentation method that was
explored for loess. The statistical analyses of three-dimensional (3D) microstructure reveal that the particle size follows the
Weibull distribution, and the distributions of pore and pore throat sizes obey the gamma distribution. Most particles are
blade-shaped, with a peak length ratio of (1.53–1.64):1.28:1. The particles are oriented in the polar directions but not
azimuthally, in a spherical coordinate system, exhibiting a transversely isotropic structure. The quantitative microstructures
of the loess and paleosol samples were slightly different irrespective of the large aggregates developed in paleosol sample.
Moreover, the representative elementary volume obtained through porosity is also applicable for the analysis of
microstructural parameters such as size distribution, shape factor, orientation angle, and pore connectivity. Besides, the two-
dimensional (2D) distributions of the particle, pore, and pore throat sizes agree with the 3D distributions, except that the
former were marginally smaller. However, the 2D sectional analysis of shape, arrangement, and pore connectivity cannot
adequately represent the 3D characteristics.

Introduction
Loess is a type of Quaternary aeolian sediment with a loose and open metastable structure that is widely distributed in the
middle latitudes (Pye 1995). Due to the special geotechnical properties of loess, especially those associated with water,
geological hazards frequently occurred in loess region and loess has been classi�ed as a problematic soil in engineering
construction (Juang et al. 2019; Dijkstra et al. 1994). Researchers have long recognized the relationship between the
microstructure and macroscopic properties of loess. Many have veri�ed that the collapsibility, compression and shear
behaviors of loess were signi�cantly controlled by its microstructure (particle, pore and contact) (Xu et al. 2019; Wen and Yan
2014; Assallay et al. 1997). The in�uences of pore structure on soil permeability have been quantitatively addressed (Ren and
Santamarina 2018). The microstructure evolution of loess induced by water, loading and landslide has also been studied
(Wei et al. 2020; Zuo et al. 2019; Yuan et al. 2019). The characteristics of particles in loess are commonly utilized as
indicators of the paleoclimatic environment (Sun et al. 2018). Therefore, knowledge regarding loess microstructure at the
particle and pore scales is very crucial for understanding its geotechnical engineering properties and revealing the underlying
geological hazards mechanisms. Particularly, a quantitative study will be essential for modeling the microstructure of loess
and incorporating the microstructural effects into geotechnical practice.

Loess microstructure has been extensively studied using evolving experimental techniques. Laser particle analyzer and
mercury intrusion porosimetry are routinely used to measure the particle and pore size distributions of loess, respectively (Li
and Shao 2020; Sun et al. 2004). Microscopy-based observation methods, such as scanning electron microscopy and optical
microscope, can provide visual information of the soil microstructure from natural or epoxy resin sections and are thus the
most common tool for two-dimensional (2D) microstructure research. Numerous studies have adopted these methods to
qualitatively investigate the microstructure of loess, including its particle, pore, and contact characteristics, and an increasing
number of studies have quantitatively analyzed the loess microstructure in terms of size, shape, and arrangement, by
combining these methods with image processing techniques (Deng et al. 2020; Giménez et al. 2012; Assallay 1998; Gao
1988). Recently researchers began to analyze the three-dimensional (3D) loess microstructure with the development of X-ray
CT that can provide nondestructive testing (Li and Shao 2020; Yu et al. 2020; Wei et al. 2020; Li et al. 2019; Wei et al. 2019; Li
et al. 2018). However, great efforts are still required, especially in the aspect of 3D quantitative study of loess microstructure.

Loess has a hierarchical microstructure with a high porosity. It developed both the pores associated with particles or
aggregates and worm or plant root holes, with sizes up to the millimeter scale (Li and Shao 2020; Li et al. 2019). The size of
aggregates in loess varies considerably in the micrometer scale, while the particles are generally smaller than 75 µm, and �ne
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composition in the nanometer scale is also common in various strata of the Chinese Loess Plateau (Sun 2006; Dijkstra et al.
1994). Consequently, the study of loess microstructure is a multi-scale problem ranging from nanometer to millimeter scales.
A tradeoff exists between the observation resolution of the apparatus and the image �eld of view; a higher resolution leads to
a smaller �eld of view. Therefore, it is di�cult to obtain the full-scale microstructural characteristics of loess using only one
apparatus or resolution. Comprehensive investigations of the loess microstructure at various scales are very necessary.
However, most of the previous works on loess microstructure by CT were conducted at resolution of dozens of micrometers,
which are insu�cient to identify particles. Recently, a limited number of studies investigated the microstructure of loess at
particle resolution by using X-ray micro-computed tomography (Yu et al. 2020; Wei et al. 2020; Wei et al. 2019). Nevertheless,
a systematic analysis of the loess microstructure at the micrometer scale is still rare. Besides, the representative elementary
volume or area (REV or REA), which is the minimum sample size and must be su�ciently large for the sample properties to
be independent of the size, is vital for quantitative analysis. However, the REV or REA derived based on porosity may not be
adequate for the analysis of microstructural parameters as discussed in the work of Al-Raoush and Papadopoulos (2010).
Moreover, although the 3D loess microstructure has been investigated in a few studies, many quantitative analyses are
generally performed using 2D observational techniques because of their affordability and convenience. Hence, the validity of
the parameters obtained through 2D observation must be examined. These issues were also basic topics needed to be
addressed in the quantitative research of loess microstructure.

In this paper, loess microstructure was investigated using an X-ray CT apparatus at resolution of 1µm in order to address the
research gaps mentioned above. The full-scale microstructural characteristics of samples were �rstly summarized based on
experimental results. An image processing method suitable for the microstructure of loess was explored and utilized for
further quantitative statistics. Then the particle and pore characteristics of samples were systematically analyzed from 3D
view. The determination method of REV for the micrometer-scale microstructure was discussed, and the representativeness
of 2D microstructural parameters for 3D characteristics was also examined. The results intend to improve the research of
loess microstructure, especially in terms of the three-dimensional quantitative analysis, and also provide implications for the
macroscopic behaviors.

Sample And Experiments
The samples for this study were collected from Jingyang, Shaanxi province, China. The strata in this zone consist of loess–
paleosol sequences. Both loess and paleosol samples during the middle Pleistocene (Q2) ages were obtained from two
adjacent strata at depths of 20–22 m near the Zhaitoucun landslide site on the southern Jingyang platform. The bulk density
was determined using an undisturbed sample with a diameter of 61.8 mm and height of 20 mm. Grain density was measured
using the pycnometer method. The liquid limit and plastic limit were determined using a cone penetrometer. The mineral
compositions were analyzed using X-ray powder diffraction. Table 1 lists the physical indices of the loess and paleosol
samples. The bulk porosities, calculated using dry bulk density and grain density data, were approximately 43% and 42% for
the loess and paleosol samples, respectively. The particle size distributions were measured using a laser particle analyzer
(Fig. 1). The samples had a particle size of less than 75 µm and a silt fraction (2–50 µm) of 78–80%. Additionally, the loess
sample contained 14% clay (< 2 µm), while the paleosol sample contained 20% clay.

Table 1
Basic physical indices of samples.

Sample
type

Dry bulk
density
(g/cm3)

Grain
density
(g/cm3)

Porosity
(%)

Liquid
limit
(%)

Plastic
limit (%)

Mineral composition (%)

Quatz + 
Feldspar

Calcium Clay
minerals

Others

Loess 1.55 2.7 43 33.7 16.8 53.1 13.3 26.6 7

Paleosol 1.58 2.71 42 32.2 15.7 55.7 6.4 35.6 2.3
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Bulk samples were acquired after removing topsoil to avoid gathering plant root holes and wormholes. The top and bottom
planes of the bulk samples were parallel to the bedding, which was essentially horizontal. The bulk samples were carefully
cut into cylinders with a diameter and height of approximately 2 mm. The top and bottom planes of the cylindrical samples
were also parallel to the bedding. The prepared samples were dried using the low-vacuum freeze-drying method before being
used for the X-ray CT experiment. The samples were then scanned using a ZEISS Xradia 520 Versa 3D X-ray microscope with
a spatial resolution of up to 700 nm. The samples were scanning at a spatial resolution of 1µm at a voltage of 50 kV and a
current of 81 µA. After scanning for 12 h, images with a diameter of 2,000 voxels and a height of 2,000 slices were obtained
for each sample.

Image Processing Method
Image segmentation, which identi�es individual particles and pores from CT images, is a prerequisite for quantitative
analysis of microstructures. Various image segmentation algorithms have been developed and implemented in software
such as Matlab, ImageJ, Mimics, or Avizo. Given the complexity of geomaterials, none of these algorithms could be
applicable to images for all types of soils (Pal et al. 1993). Thus efforts were made to obtain good image processing results
for the samples. Figure 2 presents the image processing work�ow realized in Avizo.

The �rst step in image segmentation is the division of images into solid voxels (contacted particles) and pore voxels
(connected pores). A media �lter was used to reduce the noise of the images before segmentation. In principle, a CT image is
a map of the attenuation coe�cients of the X-rays passing through a sample (Taina et al. 2008). Owing to the strong
contrast of X-ray attenuation between the pore space and the soil solid, the particles and pores can be easily separated
through the commonly used threshold segmentation method. The global intensity threshold value for the images of each
sample was determined by comparing the segmented porosity with the corresponding porosity in Table 1. Voxels with
intensity values higher and lower than the global threshold were identi�ed as contacted particles and connected pores,
respectively.

The second step of image segmentation involves separating the contacted particles and connected pores into individual
particles and pores. The watershed algorithm is widely utilized to obtain individual particles and pores for soils, and its theory
is described in many literatures (Baychev et al. 2019; Zheng and Hryciw 2016). The pores were segmented using the
watershed algorithm based on Beucher and Meyer (1993). We attempted to segment the particles solely using this algorithm.
However, since loess has a wide range of particle sizes, the result was not satisfactory. The following image processing
method was explored to separate the contacted particles (Fig. 2). As depicted in Fig. 3, the particles in the samples exhibited
a range of intensities, this is because different minerals cause different X-ray attenuations. Thus, light particles with high
intensities were extracted �rst from the contacted particles via threshold segmentation, and this extraction was helpful in
segmenting the remaining dark particles. Then, the extracted light particles and remaining dark particles were segmented.
The former were scattered and could be easily separated into individual particles, however, the separation of the latter was
laborious. For the separation of the latter, the hierarchical watershed algorithm was used. Subsequently the edges of
separated dark particles were detected using the Laplacian zero-crossing algorithm and were then subtracted from the
images with the residual edges being eliminated through erosion and dilation. Finally, the separated dark and light particles
were merged for quantitative analysis (Fig. 3).

The image segmentation results were satisfactory as illustrated in Fig. 3. The particle-size distributions obtained from the
segmented images were compared with those obtained from the laser particle analyzer (Fig. 4). Only particles larger than 1
µm were counted, considering the image resolution. Figure 4 shows that the particles from the image analysis are marginally
smaller than those from the laser particle analyzer. This was ascribed to the difference between the two methods. The image
analysis separated the particles and measured them according to their geometric morphologies. The laser particle analyzer
measured the particles based on the principle of light scattering and the coherent particles were isolated using a (NaPO3)6

dispersant before the test. The particles that retained their geometric integrity may be separated after being dissolved in
deionized water in the presence of the dispersant. Thus the comparison results were reasonable (Fig. 4).
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After segmenting the images, we obtained the individual particles and pores and analyzed the quantitative microstructural
parameters de�ned in Tables 2 and 3. The porosity, equivalent diameter, shape factor, and orientation angle can be directly
measured using Avizo. However, calculation of pore throat, coordinate number and tortuosity requires topological information
of the pores. The pore network model (PNM) developed by Sochi (2010), in which the pore structure is a network of pores
connected by throats, was used to determine pore throat and pore coordinate number. The pore structure of the samples was
simpli�ed into a tree-like structure, and the centerlines of the structure were extracted using Avizo to obtain tortuosity.

Table 2
Interpretations of 3D microstructural parameters.

Parameter Symbol De�nition Explanation

Equivalent
diameter

EqD EqD =(6
V3D ∕ π)
(1/3)

V3D represents the volume of an individual particle or pore.

Shape
factor

L1, L2,
L3

  L1 is the maximum Feret diameter. L2 is the largest distance between two parallel
lines touching the particle boundary and lying in a plane orthogonal to L1. L3 is the
largest segment touching the particle boundary at its end points and lying in a
plane orthogonal to both L1 and L2.

Orientation
angle

φ, θ   φ and θ are the orientation angles of the maximum Feret diameter direction of
particle or pore in 3D spherical coordinate system.

Porosity n n = Vv /
Vt

Vv and Vt represent the pore volume and the total volume of the samples,
respectively.

Pore throat
equivalent
diameter

EqL EqL = (4A
∕ π)(1/2)

A is the contact area between two connected pores. It is the narrowest region
between pores.

Pore
coordinate
number

CN   CN represents the number of branches connected with a pore.

Tortuosity τ τ = lc / ld lc and ld are the curved length and linear distance between start and end point of
the centerlines in the pore.

Table 3 Interpretations of 2D microstructural parameters. 

Parameter Symbol De�nition Explanation

Equivalent
diameter

EqD2D EqD2D =(4
Area ∕ π)(1/2)

Area is the area of an individual particle or pore.

Orientation angle θ2D   θ2D is the orientation angle of the direction of the maximum Feret
diameter in a 2D polar coordinate system.

Porosity n2D n2D =Av / At Av and At represent the pore area and total area of the samples,
respectively, in 2D space.

Pore throat
equivalent
diameter

EqL2D EqL2D =l The narrowest region between two pores in 2D space is a line segment,
and the length of line segment (l) is EqL2D.

Pore coordinate
number

CN2D   CN2D represents the number of branches connected with a pore in
2D space.

Tortuosity τ2D τ2D = lc2D /
ld2D

lc2D and ld2D are the curved length and linear distance between the
start and end point of the centerlines in the pore.
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Results And Discussions

4.1 General
Figure 5 presents examples of typical CT slices from the samples. As observed in Fig. 5(a), skeletons of the loess sample
were mainly composed of uniformly distributed coarse particles. As shown in Fig. 5(f), large aggregates comprising both
coarse particles and �ne clays were scarce in the loess sample. Most of the pores in the loess sample were inter-particle
pores (Fig. 5(d)) and overhead pores, which are large pores formed by lots of particles and are prone to collapse under
loading or water (Fig. 5(e)). Compared with the loess sample, the paleosol sample had a considerably denser microstructure
(Figs. 5(b) and 5(c)), which agrees with the larger bulk density and higher clay fraction of the paleosol sample (Table 1).
Fewer overhead pores were present in this sample, and the inter-particle pores were smaller (Fig. 5(g)). However, densely
packed aggregates, which �ocked together, were observed in this sample, along with large inter-aggregate pores (Figs. 5(c)
and 5(h)).

The REV for the quantitative analysis of aggregates (30–220 µm) and inter-aggregate pores (15–200 µm) observed in the
paleosol sample would beyond the micrometer scale. Thus these aggregates were not considered in this study. This issue
can be addressed by selecting larger samples and lower resolutions. In addition, the studied samples generally exhibited a
bimodal distribution, with boundary values of approximately 1–2 µm for coarse to �ne components, as indicated by the
particle size distributions in Fig. 1. The resolution of 1 µm was insu�cient for analyzing the �ne components. Hence the
coarse components, which were the major constituent of samples, were the focus of this study.

Size, shape, and arrangement are the fundamental elements of soil microstructure (Assallay, 1998). The parameters of
equivalent diameter, shape factor, and orientation angle, as explained in Tables 2 and 3, were used to represent the three
aforementioned elements. Pore connectivity is a critical property of the pore structure, especially in the analysis of hydraulic
behavior, and was represented by the pore throat equivalent diameter, coordinate number, and tortuosity (Tables 2 and 3).
Thus, in this study, the quantitative characteristics of particles (equivalent diameter, shape factor, and orientation angle) and
pores (porosity, equivalent diameter, orientation angle, pore throat equivalent diameter, pore coordinate number and
tortuosity) were statistically investigated. The distributions of these parameters were also quanti�ed using common
probability distribution functions. The goodness of �t was estimated using the adjusted R-square value (Eq. (1)), which can
be less than or equal to 1; a value closer to 1 indicates a better �t.

where yi represents the statistical data, y the mean value, and the �tting values. n is the number of statistical data and m
the number of �tted coe�cients in the function.

4.2 Representative elementary volume
Selection of the REV is the �rst step in quantitative analysis of microstructures. In this study, the REV was obtained based on
porosity. The porosity was calculated from the CT images using the traditional cube method, as shown in Fig. 6(a). First, an
initial point, at a random location in the samples, was taken as the starting point of a cube with a side of 100 µm. Then, the
cube was enlarged equally in the three dimensions with �xed initial point. For each initial point, a group of cubes with sides
of 100–1,000 µm in increments of 100 µm was extracted. The porosities for the groups were calculated and are presented in
Figs. 6(b) and 6(c). The porosities of the smaller cubes exhibited large �uctuations, and the �uctuation decreased as the cube
size increased. The porosity remained stable as the side length of the cubes increased up to 700–800 µm. Thus, the preferred
REV was 800 µm × 800 µm × 800 µm.

The stationary porosity of the loess sample in Fig. 6(b) is 39–42%, while that of the paleosol samples in Fig. 6(c) is 32–35%.
For the loess sample, the stationary porosity agreed with the calculated bulk porosity of 43% (Table 1). This was attributed to
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the homogeneous structure of the loess sample, as shown in Fig. 5(a). However, the paleosol sample exhibited a signi�cantly
lower stationary porosity than its calculated bulk porosity of 42% (Table 1). The large inter-aggregate pores of the paleosol
sample were eliminated in the quantitative analysis of the images, as discussed in Sect. 4.1. The bulk porosity was
calculated based on the bulk density, accordingly, a sample with size of a diameter of 61.8 mm and height of 20 mm was
examined, wherein the presence of inter-aggregate pores were unavoidable. Consequently, it is reasonable that the stationary
porosity of the paleosol sample was smaller than the calculated bulk porosity. Furthermore, the comparison between the
stationary porosity of 32–35% and the calculated bulk porosity of 43% indicated that most of the pore volume in the paleosol
sample was contributed by the inter-particle and overhead pores.

To determine whether the REV obtained from the porosity was suitable for the other parameters listed in Table 2, each
parameter was evaluated on several cubes. The cubes all had the same dimensions of 800 µm × 800 µm × 800 µm, and were
randomly located in the samples. The discreteness of the parameters caused by different cubes was estimated in terms of
the standard deviation and was expressed as an error bar. As it was di�cult to de�ne the volume of pore connectivity,
frequency percentages for the pore connectivity parameters were counted by number (Figs. 7–11), while those for the other
parameters were counted by volume (Fig. 12). The statistical results of eight parameters with the error bar—the particle
equivalent diameter (Fig. 7), particle shape factor (Figs. 8(a) and 8(b)), particle orientation angle (Fig. 9(b)), pore equivalent
diameter (Fig. 10), pore orientation angle(Fig. 11(a)), pore throat equivalent diameter(Fig. 12(a)), pore coordinate number (Fig.
12(b)) and tortuosity (Fig. 12(c))—showed that all parameters �uctuated within a narrow range. This phenomenon was
consistent with the result of porosity at the stable stage (Figs. 6(b) and 6(c)). The �uctuations of these parameters may have
been caused by the natural heterogeneity of the soil, which was unavoidable. However, these �uctuations had no impact on
the overall distribution of the parameters for the loess and paleosol samples, as shown in Figs. 7–12. Thus, the REV obtained
from the porosity was also appropriate for the analysis of other microstructural parameters listed in Table 2.

4.3 Quantitative characterization of 3D microstructure
The quantitative particle characteristics in terms of size, shape, and arrangement and the pore structure characteristics in
terms of pore size, pore arrangement, and pore connectivity were discussed in the following subsections.

4.3.1 Particle characteristics

According to Fig. 7, the 3D particle size (EqD) was generally smaller than 70 µm. The mean values for the loess particles and
paleosol particles were 27.2 µm and 21.7 µm, respectively. The side size of the REV was approximately more than 10 times
the maximum particle size and 25–30 times the mean value. The �tting results in Fig. 7 show that particle sizes of all
samples obeyed the Weibull distribution. Eq. (2) describes the probability density function. This distribution function was
also demonstrated to be suitable for loess samples from seven sections across the Chinese Loess Plateau by Sun et al.
(2004) and for 160 loess samples by Zhao et al. (2013).

where α and β are the function coe�cients of the Weibull distribution.

Characterizing the particle morphology is a complex task. Many descriptors of particle morphology have been proposed in
previous literatures (Howarth 2010; Blott and Pye 2008; Rogers and Smalley 1993), however, it is di�cult to �nd one that
describes particle morphology comprehensively. Generally, particle morphology involves two aspects, shape and surface
texture (Blott and Pye 2008). This work mainly focuses on the basic shape of particles. A combination of three dimensions,
L1, L2 and L3 (Table 2), was utilized to describe the 3D particle shape. The data of these dimensions were reduced to 2D data
using the ratios of L2/L1 and L3/L2; the corresponding volume percentage distributions are shown in Figs. 8(a) and 8(b). The
data (L2/L1, L3/L2, volume percentage) were �tted e�ciently using the probability density function of a bivariate normal
distribution (Eq. (3)). The volume percentage peaks in Figs. 8(a) and 8(b) for the loess and paleosol samples represent shape
ratios of approximately 1.53:1.28:1 (L1:L2:L3) and 1.64:1.28:1(L1:L2:L3), respectively. These statistical values were different
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from the result (8:5:2) obtained by Rogers and smalley (1993), who used the random number theory. Four shape categories
were de�ned according to the modi�ed Zingg classi�cation (Howarth 2010; Rogers and Smalley 1993)—disk (L1 = L2 > L3),
sphere (L1 = L2 = L3), blade (L1 > L2 > L3), and rod (L1 = L2 < L3). A statistical result with an accuracy of 10% for calculation is
presented in Fig. 8(c). The result shows that 56–57% of the particles were shaped like blades, 16–19% like rods, 5–6% like
disks, and 17–21% like spheres.

where µ1, µ2, σ1, σ2, and ρ are the function coe�cients of the bivariate normal distribution.

Particle arrangement was expressed as the distribution of the maximum Feret diameter orientations, which were displayed as
the polar angle (0° ≤ φ ≤ 90°) and azimuthal angle (-180° ≤ θ ≤ 180°) in a spherical coordinate system where the Z axis was
perpendicular to the bedding (Fig. 9(a)). The orientation angles (φ, θ) in the upper hemisphere of the spherical coordinate
system were divided evenly into 31 groups. These groups were expressed by 31 markers, as shown in Fig. 9 (a) and 9(c).
Figure 9(c) showed the top-down view of Fig. 9(a) along the Z axis. The volume percentages for the 31 groups shown in Fig.
9 (b) are also expressed as the size of the markers in Fig. 9(c), i.e., a group with a bigger marker had a larger volume
percentage. The preferred orientation can be clearly observed in Fig. 9(c). Groups with large markers all had φ values between
60° and 90°, but their θ values were random. The observations revealed that particles in the samples were oriented in the
polar directions but not azimuthally, implying a transversely isotropic structure. This result is consistent with the fact that
loess, a type of aeolian soil, has a sedimentary structure (Xu et al. 2019; Heller and Liu 1982). The anisotropy index (Ia)
expressed in Eq. (4) is generally used to re�ect the overall anisotropy of soil arrangement (Li et al. 2020; Tovey and Krinsley
1992). An increase in Ia from 0 to 100% represents a change in microstructure from random or isotropic to preferred aligned
or completely anisotropic. The Ia of the analyzed particles was 74–76%, which indicated that they were generally preferred
aligned. Figure 9(d) shows that Ia decreased as the particle size increased, which means that smaller particles are prone to
being preferred oriented; speci�cally, particles smaller than 5 µm had an Ia of up to 96–98%.

where dmax and dmin are the largest and smallest volume percentages among those of all 31 groups of 3D orientation angles.
4.3.2 Pore structure characteristics

Figure 10 presents the 3D pore size distributions of the samples. The mean EqDs of pores for the loess and paleosol samples
were 20.9 µm and 13.9 µm, respectively. The �tting results show that the pore sizes of all samples obeyed the gamma
distribution (Eq. (5)):

where a and b are the function coe�cients of the gamma distribution.

The analysis method for 3D pore arrangement was the same as that for particle arrangement. The volume percentages for
the 31 groups of orientation angles shown in Fig. 11(a) are expressed using 31 markers with different sizes in a spherical
coordinate system from a top-down view (Fig. 11(b)). The statistical results in Fig. 11(b) show that pores were generally
randomly arranged. The Ia value of 47–48% also indicated that the pore direction was slightly isotropic. This implied that the
anisotropy of inter-particle pores was not dependent on that of particles.

The pore throat sizes of the samples also obeyed the gamma distribution, as shown in Fig. 12(a). The mean values of pore
throat size for the loess and paleosol samples were 4.8 and 3.3 µm, respectively. The pores and pore throats of the loess
sample were all larger than those of the paleosol sample. Figures 12(b) and 12(c) show that the distributions of pore
coordinate number (CN) and tortuosity (τ) were irregular and therefore cannot be described statistically. The average CN was
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5.5–5.8, indicating that most of the pores were connected to approximately �ve other pores or pore throats. The average τ
was 1.213–1.216. The paleosol sample had a smaller CN but a larger τ than the loess sample did. In previous works on
Chinese loess that used X-ray CT, the macropores of samples from Jingyang, Shaanxi province had an average CN of 2.56
and an average τ of 1.12 at a resolution of 73.9 µm (Li et al. 2019), and those from Yuci, Shanxi province had an average CN
of 3.15 at a resolution of 60 µm (Li et al. 2018). The aforementioned average CN and average τ values were smaller than
those of the pores in the samples used in this study, the majority of which were inter-particle and overhead pores at a
resolution of 1 µm, with large inter-aggregate pores eliminated. This suggested these inter-particle and overhead pores had a
denser, more complex pore structure than the macropores.

4.4 Differences between 2D and 3D microstructures
Various sections of the 2D microstructure from different directions were quantitatively analyzed, as shown in Fig. 13(a).
These sections were extracted after segmenting the 3D microstructure, to negate the differences induced by the image
processing method. S3 was the section along the horizontal bedding direction. S1, S2, S3, and S4 had different dip angles
with respect to the horizontal bedding and an angular spacing of 45° each. S1, S5, S6, and S7 were along the vertical
direction and had an angular spacing of 45° each. Non-overlapping sections, all parallel to S3 and with a size of 3,000 µm ×
3,000 µm, were extracted randomly from different locations in the samples. The porosity values calculated from these
sections was shown in Figs. 6(b) and 6(c). According to the results, the porosity values exhibited negligible discreteness, and
thus, the size was within the REA for the 2D calculation. Since an elongated particle in 2D space can be rod-like or �aked in
3D space, the results with the 2D shape obtained from the sections cannot represent the overall 3D shape of particle.
Therefore, only the 2D parameters from Table 3 were measured in the sections with a size of 3,000 µm × 3,000 µm. The
statistical results were summarized in Figs .13–15.

4.4.1 Size

Figs. 13 (b)–(d) show the distributions of 2D size for the particles, pores and pore throats. The particle size distribution from
all the sections could be well described using the Weibull function for the loess and paleosol samples with mean EqD2D

values of 22.7–23.2 μm and 17.5–17.7 μm, respectively. The differences between the sections were small. Both the pore
sizes and pore-throat sizes from all sections obeyed the gamma distribution. The results of the statistical analysis are
presented in Table 4. The mean sizes of the pore and pore throat of the loess sample were 17.8–18.3 μm and 5.0–5.2 μm,
and those of the paleosol samples were 11.2–11.4 μm and 3.4–3.6 μm. The values of these parameters from different
sections also exhibited minor differences. By comparison, it was veri�ed that the 2D size distributions of the particles, pores
and pore throats agreed with the corresponding 3D results, except that the mean values of the 2D size were smaller than
those of the 3D size.
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Table 4
Results of statistical analysis for size distributions of particles, pores and pore throats.

Sample
type

  Particle size Pore size Pore throat size

  Weibull distribution Gamma distribution Gamma distribution

  Mean R-
square

α β Mean R-
square

a b Mean R-
square

a b

Loess
sample

3D 27.19 0.9970 2.29 33.29 20.88 0.9956 5.98 3.82 4.76 0.9809 3.45 1.50

S1 23.09 0.9948 2.01 28.43 18.03 0.9927 4.64 4.32 4.99 0.9935 1.76 2.98

S2 23.04 0.9952 2.03 28.33 18.02 0.9924 4.73 4.23 5.22 0.9943 1.66 3.32

S3 23.19 0.9940 2.01 28.33 18.17 0.9934 4.70 4.26 4.98 0.9953 1.85 2.83

S4 22.84 0.9955 2.05 27.93 18.11 0.9931 4.64 4.31 5.22 0.9934 1.68 3.27

S5 23.12 0.9945 2.00 28.26 17.91 0.9926 4.66 4.25 5.16 0.9943 1.71 3.16

S6 23.02 0.9954 2.06 28.22 18.30 0.9928 4.62 4.36 5.00 0.9949 1.79 2.90

S7 22.73 0.9934 2.02 27.54 17.84 0.9925 4.71 4.18 5.24 0.9946 1.70 3.24

Paleosol
sample

3D 21.66 0.9958 2.35 27.02 13.94 0.9862 5.10 2.83 3.27 0.9752 4.72 0.84

S1 17.49 0.9959 2.10 21.83 11.27 0.9808 5.36 2.17 3.42 0.9980 2.12 1.75

S2 17.64 0.9942 2.06 21.89 11.31 0.9817 5.27 2.22 3.53 0.9985 2.12 1.79

S3 17.65 0.9942 2.08 21.96 11.15 0.9803 5.34 2.18 3.44 0.9983 2.16 1.72

S4 17.62 0.9947 2.07 21.97 11.21 0.9834 5.32 2.20 3.57 0.9989 2.11 1.81

S5 17.61 0.9937 2.08 21.88 11.16 0.9840 5.35 2.17 3.53 0.9986 2.12 1.80

S6 17.56 0.9945 2.06 21.96 11.20 0.9784 5.30 2.20 3.42 0.9979 2.16 1.71

S7 17.51 0.9945 2.07 21.99 11.37 0.9816 5.23 2.25 3.63 0.9983 2.09 1.86

4.4.2 Arrangement

Fig. 14 summarizes the statistical results of 2D arrangement obtained from the seven sections. The orientations of the
maximum Feret diameters for the 2D particles and pores were presented as a rose diagram in the polar coordinate system,
where the orientation angle θ2D (0–180°) was divided into 10 groups, and the volume percentage for each group was
represented by the polar radius (Figs. 14(a) and (b)). According to the statistical results, the particles tended to be preferred
oriented, and different sections had different orientation distributions (Fig. 14(a)). The calculated Ia for particles from
different sections varied from 53.1 to 79.4%, with the horizontal section (S3) having the smallest value (Fig. 14(c)). In
addition, Fig. 14(b) shows that the pore orientation was generally random and that pores in all sections had consistent
orientation distributions. The Ia of the pores differed only slightly among the sections, albeit much more than the
corresponding 3D values did (Fig. 14(d)). These results demonstrated that sectional analysis cannot represent the 3D
preferred orientation or anisotropy.
4.4.3 Pore connectivity

Fig. 15 presents the results of the average pore coordinate number and average tortuosity in both 2D and 3D space. The
results showed that the paleosol sample had a smaller pore coordinate number and larger tortuosity than the loess sample
did. The values were all slightly different in different sections. For all sections, the average CN2D and average τ2D were 2.4–
2.8 and 1.231–1.271, respectively. The average CN2D was much smaller than the corresponding 3D value (5.5–5.9), whereas
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the average τ2D was larger than the 3D value (1.213–1.216). These differences between the 2D and 3D values can be
explained by the pore structure characteristics. In the 3D space, the pores were connected to several other pores via long and
narrow channels, as shown in Fig. 3. However, the 2D parameters were calculated considering the connected pores only in the
2D section. Consequently, the 3D tortuous and complex channels outside the section may have been omitted from the
calculation. Therefore, CN2D was much smaller while τ2D much larger than the respective 3D values.

4.5 Implications for macroscopic behaviors
The instability of loess engineering and occurrence of geological hazards (such as landslides) can be easily caused by the
failure of the contact zone between the loess and paleosol strata owing to their differences in geotechnical properties,
particularly their hydraulic behavior (Dijkstra et al. 2015; Lei 2014). The microstructure of loess is different from that of
paleosol in terms of particles and pores, as clearly depicted in Fig. 5 and revealed by the results in Sect. 4. This is the primary
cause for the differences in their geotechnical properties. Hydraulic behavior is mainly determined by the pore structure of
soil. The results indicated that the paleosol sample possesses a considerably denser microstructure, smaller pores, and
smaller pore throats than those of the loess sample. This explains why the permeability coe�cient of paleosol is smaller
than that of loess, despite that their porosity values are close. In addition, the porosity of paleosol is mainly due to the inter-
particle and overhead pores, whereas the inter-aggregate pores are signi�cantly large as discussed in Sect. 4.2. Thus the
contributions of both types of pores to permeability cannot be neglected. However, the two types of pores should be studied
at two different scales considering their size difference, and the results can then be integrated in the quantitative analysis of
permeability and be used in further stability predictions.

Besides, the X-ray CT images revealed that the paleosol sample developed aggregates (30–220 µm). The properties of these
aggregates when subjected to loading and watering, as well as the contributions of the aggregates to the strength of loess
and stability of loess engineering, may be different from those of the particles. However, these issues are rarely considered in
the existing literatures and should be addressed in future work.

Conclusions
The study revealed the multi-scale characteristics of loess microstructure, and focused on the micrometer-scale
microstructure of loess, and also discussed the basic issues in the quantitative analysis of microstructure based on an
investigation on the microstructures of loess and paleosol samples obtained from Jingyang in China via X-ray CT. The main
conclusions are as follows.

The aggregates and inter-aggregate pores identi�ed from the CT images, as well as the �ne component identi�ed by a laser
particle analyzer exceeded the micrometer scale. They can be studied at the millimeter and nanometer scales, respectively, in
future works. This study mainly investigated the microstructure of loess at the micrometer scale. The quantitative
microstructural characteristics of loess were analyzed via image processing method explored for loess and accomplished in
Avizo software. The results suggested that contacted particles of samples could be separated by combining a threshold
segmentation step with watershed-based algorithm. The threshold segmentation step distinguished the contacted particles
as light and dark ones according to their intensity difference and was quite helpful for improving the separation effects.

Based on porosity statistics, an REV of 800 µm × 800 µm × 800 µm was selected for quantitative analysis of the 3D
microstructure. The side length of the REV was approximately more than 10 times the maximum particle size and 25–30
times the mean value. The REV was also suitable for the analysis of microstructural parameters (equivalent diameter, shape
factor, orientation angle, pore coordinate number and tortuosity) and their distributions. However, quantitative analysis
should be conducted with multiple REV cubes to consider the slight �uctuations in parameters due to the natural
heterogeneity of soil.

The statistical results of the 3D microstructural analysis showed that the particle sizes of the samples obeyed the Weibull
distribution, with a mean value of 21.7–27.2 µm. Approximately 56–57% of the particles were shaped like blades with peak
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length ratios (L1:L2:L3) of 1.53:1.28:1 and 1.64:1.28:1 for the loess and paleosol samples, respectively. The particles were
oriented in the polar directions but not azimuthally in a spherical coordinate system, indicating a transversely isotropic
structure. The sizes of the pores and pore throats obeyed the gamma distribution. In general, the pores had a random
arrangement. The average CN and τ of the pores in this study were larger than those of macropores of samples analyzed in
previous studies. This suggests that the inter-particle and overhead pores had a more complex structure.

A comparative analysis of the 3D and 2D microstructural parameters showed that all the probability distribution functions for
the size distributions of the particles, pores, and pore throats in the 2D space agreed with those in the 3D space, except when
the mean 2D sizes were marginally smaller than the mean 3D sizes. The preferred orientation or anisotropy results obtained
from single 2D sections cannot represent the characteristics of particles or the pore arrangement. The average CN2D was
much smaller than the respective 3D value, while the average τ2D was larger than its 3D counterpart; therefore, a 3D analysis
is pivotal for pore-connectivity analysis. These �ndings can serve as references for microstructure studies on other types of
geomaterials.
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Figure 1

Particle size distribution.

Figure 2
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Image processing work�ow.

Figure 3

Image processing results with dimensions of 600 μm × 600 μm × 600 μm. The segregated particles and pores were labeled
with different colors. (a) CT images of loess sample; (b) Segmented loess particles; (c) Segmented loess pores; (d) CT
images of paleosol sample; (e) Segmented paleosol particles; and (f) Segmented paleosol pores.
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Figure 4

Comparison of results from laser particle analyzer and image analysis.

Figure 5

CT slices. (a) Loess sample, 1,000 μm × 1,000 μm; (b)–(c) Paleosol sample, 1000 μm × 1,000 μm; (d)–(f) Loess sample, 250
μm × 250 μm; and (g)–(h) Paleosol sample, 250 μm × 250 μm.
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Figure 6

Porosity calculation for REV. For the 3D porosity results, points with the same color represent data from the same cube group
with the same initial point as shown in Fig. 6(a). The 2D porosity results are calculated with a size of 3,000 μm × 3,000 μm.

Figure 7

3D particle size distribution
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Figure 8

3D particle shape results
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Figure 9

3D particle arrangement results. The orientation angle (φ, θ) was divided into 31 groups and expressed using the 31 markers
in (a)–(c).



Page 20/24

Figure 10

3D Pore size distribution

Figure 11

3D pore arrangement results
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Figure 12

Statistical results of 3D pore connectivity parameters
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Figure 13

Statistical results of 2D size from various sections
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Figure 14

Statistical results of 2D arrangement
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Figure 15

Comparison of 2D pore connectivity parameters


