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Abstract: Preferential flow is widely developed in varieties of voids (such as macropores and fis-
sures) in loess areas, affecting slope hydrology and stability and even leading to geological disasters.
However, the model of seepage evolution with dynamic preferential flow is not clear, which obstructs
the disclosure of the mechanism of landslides induced by the preferential flow. This study aimed to
capture the seepage and occurrence status of water in loess voids, explain the variability characteris-
tics of the loess pore structure, and reveal the seepage evolution model of dynamic preferential flow.
Preferential infiltration experiments were conducted by combining X-ray computed tomography
(X-ray CT) nondestructive detection with contrast techniques under dynamic seepage conditions.
Three-dimensional (3D) visualized reconstruction, digital image correlation (DIC), image processing,
and quantitative analyses were performed in AVIZO 2019.1, including two-dimensional (2D) and 3D
characteristics of preferential flow distribution and macropore changing, dynamic variation of the
porosity, pore number, volume, dip angle, and connectivity. Results showed that (1) preferential flow
exists under saturated and unsaturated conditions in loess with strong uniformity and anisotropy;
(2) preferential flow not only migrates into existing connected macropores, but also connects the
original isolated pores into channels and forms larger percolation groups of contrast medium under
the gradually increased high pressure; (3) the seepage develops with the evolution model of ‘prefer-
ential flow–piston flow–preferential piston mixture flow–piston flow’ in the dynamic process. The
new insights into the characteristics of the seepage evolution in undisturbed loess under dynamic
preferential flow will enrich the understanding of loess seepage and provided an important reference
for future research on the slope instability of the loess induced by preferential flow.

Keywords: preferential flow; dynamic seepage evolution model; X-ray computed tomography;
contrast agent; digital image correlation; undisturbed loess

1. Introduction

Loess is a sediment caused by wind deposits in arid and semi-arid areas [1,2], which
is widely distributed in China and covers about 633,000 km2 accounting for 6.6% of the
Chinese mainland, where the Loess Plateau of China (LPC), a continuous loess distribution
area, has covered 440,000 km2 with complete strata since the Quaternary [3–6].

With the advancement of the Western Development and the Belt and Road Initiative
strategies, the LPC has become the core area for the construction of the Silk Road [7].
However, in this region, the ecological environment is fragile and geological disasters,
such as collapse, landslides, and debris flow, occur frequently [8]. Human engineering
activities, such as flood irrigation and frequent excavation, have altered the inner structure
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and physical and mechanical properties of the loess, posing a serious challenge to the
traditional geological cognition of the loess [9–12].

Fundamentally, loess has a metastable structure of loose porosity, developed columnar
joints, and weak cementation [6,8,13–16], showing collapsibility [17–19], water sensitivity [20],
and other special physical, mechanical, and hydraulic properties [20–23]. As a result, the loess
develops a variety of voids from tens of meters to a few microns, including sinkholes, joints,
hydro-chemical potential corrosion caves, large-scale decay root channels, soil animal channels,
earthworms tunnels, ant holes, macropores, micro-fissures, etc. [8,24–28]. Consequently, voids
facilitate the development of preferential flow (a kind of fast infiltration bypassing the soil
matrix [29]) and significantly affect the infiltration path and spatial distribution of water in
building foundations, the highway railway subgrade, and slopes in loess areas [30]. It makes
engineering construction more difficult and leads to more frequent geological disasters [31,32].

Therefore, it is essential to study the structural parameters (such as the geometric
shape, porosity, connectivity, tortuosity, and spatial distribution of different types of voids)
of the loess preferential channels and the distribution of water in them to solve construction
problems in the Yellow River Basin [33–35].

However, for a long time, it has been difficult to visualize the distribution of water
in the soil [36]. With the rapid development and extensive application of X-ray CT, it is
possible to study the internal structure [37,38] and the water distribution of the soil due
to its non-destructive nature and its visual detection capabilities of the three-dimensional
structures [39,40]. However, the difference between the attenuation coefficient of water
and air in soil is so small that it is difficult to distinguish the three phases of water, air, and
soil particles by CT scanning alone. Even with the latest CT scanning equipment and high
resolution, it is difficult to accurately segment water, pores, and the solid matrix in soil,
which has become a challenge in soil moisture research [41].

To overcome this difficulty, CT scan experiments were conducted for the infiltration of
water in porous geotechnical materials by adding contrast agents, such as potassium iodide
(KI), potassium bromide (KBr), cesium chloride (CsCl), medical meglumine diatrizoate,
etc. [42]. The X-ray attenuation coefficients of different geotechnical components and
water were compared, and it was found that the degree of recognition of each component
can be greatly improved by adding a contrast agent [43]. Consequently, the undisturbed
farmland soil [43–45], artificially filled sand [46], Ottawa sand [47,48], cement slurry [49],
sandstone [50] and unsaturated compacted soil [39] were studied to quantitatively separate
and distinguish solid soil, voids or air, organic matter, minerals, water, and so on, to further
reveal the relationship between soil macropores and preferential flow.

The research in the previous paragraph focused mainly on the ‘static’ characteristic
of water, pores, and other components. However, it is always necessary to learn the ‘dy-
namic’ changing characteristic of the structure, permeability, and mechanical properties
of geotechnical materials [51]. Digital image correlation (DIC) combined with CT is a
powerful tool [52] that has been used to dynamically observe the seepage [53], displace-
ment [54,55], and strain fields [56–58] in soils [59] or rocks [60] before and after rain or
irrigation, load [61], plant growth [62], and the other disturbances.

In summary, the addition of a contrast agent can effectively improve the identification
ability when identifying various voids (such as macropores and fractures) or extracting
different material components in humidification CT scanning experiments. Moreover, the
application of DIC aids in learning the dynamic law of geotechnical properties. However,
currently, there is no research report on the detection of the spatial distribution of preferen-
tial infiltration with special structural, fragile, water-sensitive loess-use contrast agents and
CT (see Figure 1). Furthermore, the seepage evolution model with the dynamic preferential
flow is not clear, thus obstructing the disclosure of the mechanism of landslides induced by
the preferential flow.
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Figure 1. Relationship between the research of X-ray CT, contrast agents, and DIC technologies.

There exists a gap in the literature on the study on the seepage evolution characteristics
in undisturbed loess under dynamic preferential flow by integrating X-ray CT, contrast
agent, and DIC technologies. Therefore, the purposes of this paper are to (1) capture the
seepage and occurrence status of water in loess voids, (2) explain the variability character-
istics of the loess pore structure, and (3) reveal the seepage evolution model of dynamic
preferential flow. Accordingly, preferential infiltration experiments were conducted by
combining non-destructive detection with X-ray computed tomography with contrast
techniques under dynamic seepage conditions. The three-dimensional (3D) visualized
reconstruction, image registration, processing, and quantitative analyses were handled
in AVIZO software (Thermo Fisher Scientific Inc., Waltham, MA USA, version 2019.1),
including two-dimensional (2D) and 3D characteristics of preferential flow distribution
and macropore changing, dynamic variation of porosity, pore number, volume, dip angle,
and connectivity. The new insights were derived and discussed, providing an important
reference for future research on the loess slope instability induced by preferential flow.

2. Materials and Methods
2.1. Study Site and Sample Preparation

The study site is located in the Southern Jingyang Tableland (SJT) on the southern
bank of the Jinghe River in Jingyang County, Shaanxi province (see Figure 2). The region
covers an area of about 70 km2, which belongs to one part of the Northern Arid Plateau of
the Weihe River basin [24]. The strata of the SJT include loess in the three geological ages of
the middle Pleistocene (Q2), late Pleistocene (Q3), and Holocene (Q4) of the Quaternary,
forming a loess–paleosol sequence that is alternately layered and laminated according to
the order of the geological ages from the old to the new [63]. In terms of landforms, a
cliff and ridge landform forms on the edge of the SJT due to the long-term retrogressive
erosion of the first terrace and floodplain of the Jinghe River, which provides a gravity
drive for the initiation of landslides [64]. In terms of geological structure, the fault structure
of the SJT is very developed and is influenced by the movement of the Ordos block and the
continental movement of the Qinling fold belt. In terms of human engineering activities,
farmland irrigation, road construction, water and electricity pipeline laying, slope toe
excavation, etc., have produced serious environmental geological problems, affecting the
distribution of seepage fields and stress fields on the slope and increasing the risk of
geological disasters. Particularly, flood irrigation in farmland raises the groundwater
level of the loess slope [65,66], reduces the suction and shear strength of the matrix of the
loess, and increases the effects of hydraulic erosion and hydro-chemical leaching and the



Water 2023, 15, 2963 4 of 24

dissolution effect, making the preferential channels, such as sinkholes, joints, and cracks,
on the edge of the Tableland more developed and produce preferential flow to weaken the
stability of the slope and even induce collapses or landslides [67,68].

Figure 2. Location map: (a) thumbnail map of China; (b) loess plateau and loess distribution area;
(c) topographical map of the southern tableland of Jingyang County with distribution of landslides
and location of the sampling site; (d) photo of the loess layer at Xiushidu village; (e) stratigraphic
sequence of loess–paleosol.

The sampling point is selected at an earth-fetching site in Xiushidu village, Gaozhuang
Town, which is prone to geological disasters. It provides an ideal section to collect loess
samples that reveal a complete and continuous loess–paleosol sequence of S0~S9 (see
Figure 2e) [63]. In this paper, the intact samples were collected in the formations of
Malan loess. To ensure that the samples remained as undisturbed as possible, some
measures were taken, as described in the article by Li, et al. [24]. When collecting each
intact sample, some cutting ring samples and loose soil samples were also collected at
the same time to determine the basic physical and mechanical properties according to
the standard for geotechnical testing method (GB/T 50123—2019) of China [69]. The
particle size grading experiment (see Figure 3) was measured by Bettersize 2000 (Dandong
Bettersize Instruments Ltd., Dandong, China). The type of soil was determined by the soil
classification system of the US Department of Agriculture (USDA) (see Figure 4). The results
of basic physical mechanics parameters, such as dry density, specific gravity, porosity, void
ratio, etc., are shown in Table 1.

Table 1. Basic properties of loess samples.

Dry
Density
(g/cm3)

Specific
Gravity

Porosity
(%)

Void
Ratio

Liquid
Limit

Plastic
Limit

Plastic
Index

Clay (%)
(d ≤

2 µm)

Silt (%)
(2 < d ≤
50 µm)

Sand (%)
(d >

50 µm)

Soil
Type Cu Cc

1.32 2.67 43.94 0.79 28.21 16.05 11.94 10.65 81.06 8.29 Silt 14.50 2.45
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2.2. Apparatus for the Preferential Infiltration Experiment

A set of apparatus (see Figure 5) for CT scan was designed to facilitate the dynamic
monitoring of the preferential flow for the same loess sample. The apparatus consists of
three parts, including a substrate (see Figure 5a), a visualized seepage device (see Figure 5b),
and a continuous liquid supply device (see Figure 5c). In detail, the substrate includes a
bottom plate (see Figure 5d), a real-time weighing balance (see Figure 5e), and a beaker
(see Figure 5f) for liquid collection. The visualized seepage device, which is disposed on
the real-time weighing balance, includes a seepage chamber (see Figure 5g) with the size of
120 mm × 120 mm × 170 mm, a top cover (see Figure 5h) and a bottom cover (see Figure 5i)
with the size of 120 mm × 120 mm × 30 mm at the top and bottom of the seepage chamber.
Among them, an inlet water storage area with the size of ϕ80 mm × 10 mm (see Figure 5j)
is arranged in the top cover, and a permeable stone with the size of ϕ110 mm × 10 mm (see
Figure 5k) is fixed in the inlet water storage area. An outlet water storage area with the size
of ϕ80 mm×10 mm (see Figure 5l) is arranged in the bottom cover, and a permeable stone
with the size of ϕ110 mm × 10 mm (see Figure 5m) is fixed in the outlet water storage
area. Additionally, a drainage pipe with an inner diameter of ϕ5 mm (see Figure 5n) is
placed on the bottom cover of the seepage to transport water to the liquid collection beaker.
The liquid supply device, which is placed on the bottom plate, includes a support rod
(see Figure 5o) and a liquid bottle (see Figure 5p). There is a hose (see Figure 5q) inserted
into the liquid bottle and put on the tube punch into the top seepage cover that connects
the liquid supply device to the visualized seepage device. A flow meter (see Figure 5r) is
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installed on the hose to quantitatively control the flow rate injected into the soil sample
(see Figure 5s).
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Using the aforementioned apparatus, the dynamic process of preferential flow infil-
tration can be observed for the same loess sample from the original dry state to the later
wetting stages via an enhanced CT scan.

2.3. Preferential Infiltration Experiment

To acquire the water distribution of preferential flow and make a comparison of the
structure under dry and wet conditions in the same soil by CT scanning experiment, some
necessary steps were conducted. The flow chart is shown in Figure 6.

Step 1: preparation of the columnar sample
A columnar sample was processed from an undisturbed loess block collected from

the sampling site. Two square grooves were machined in the top and bottom of the
columnar sample, respectively. Of these, the top groove is used to collect the liquid from
the permeable stone and the bottom groove is used to block the capillary rise phenomenon
caused by the contact between the bottom of the loess sample and the liquid during the
scanning process. Cautiously, the Loess dust on the surface of the processed columnar
sample was blown off.

Step 2: brush glue for the columnar sample
A ready-made AB glue was brushed on the areas outside the circular groove of the

columnar sample to ensure that the liquid completely penetrates the soil sample without
flowing out. AB glue is composed of epoxy resin (glue A) and polyamide resin (glue B)
that mixed in a 1:1 volume ratio, with a brushing time less than 30 min to prevent the AB
glue from becoming viscous or even solidified.

Step 3: industrial CT scan experiment for the dry sample
The dried loess sample was scanned by industrial X-ray CT (YXLON Y.CT, Modula,

Germany) to accurately obtain the 3D inner structure at the Engineering Research Center
of Transportation Materials of the Ministry of Education, Chang’an University, Xi’an, PR
China. The working principle is referred to in the book by Carmignato et al. [37]. The
methodologies of 3D visualized reconstruction and the acquisition of structural parameters
refer to Li et al. [24].
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Step 4: preferential infiltration experiment
Before conducting the preferential infiltration, the experiment using the apparatus

introduced in Section 2.2, some preliminary steps were performed. The dry sample that had
been scanned with CT was placed in the seepage chamber, with the liquid-supplying device
remaining closed. The liquid supply bottle was filled with potassium iodide (KI) contrast
agent solution, which can enhance and highlight the flow trace [39], with a concentration
of 60 g/L and set the real-time weigh balance in automatic continuous reading mode with
the reading frequency set to 10 times per second.

Step 5: industrial CT scan experiment for wet samples
The real-time weighing balance and the continuous liquid supply device are opened;

thus, the liquid bottle begins to transport potassium iodide solution into the seepage cham-
ber and, at the same time, begins CT scanning and obtains the corresponding structural
parameters by using AVIZO for comparison among the original dry sample and wet sample
in the subsequent wetting process.

Step 6: comparison analyses between dry and wet state
A comparison of the quantitative structural parameters of the loess sample obtained

by Step 3 and Step 5 was performed to explore the evolution law of the loess structure
under humidification activity.
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2.4. 3D Image Registration

To find the law of change of the loess structure in the process of gradual humidification,
fine contrasts of the structure under wet and dry conditions should be conducted. Because
the position will inevitably change during each time a CT scan is performed for the loess
specimen from dry to wet during the humidification process, the series data acquired
by each scanning of the same specimen in different wetting stages may not overlap well
(see Figure 7). In this paper, to analyze the structural changes and the water distribution
in loess under preferential flow between wet and dry samples, the wet CT images after
humidification were registered with the original dry image by adopting the technique
developed by Latham et al. [70] with the Register image module in AVIZO.
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The Register image module uses an iterative optimization algorithm to calculate the
affine transformation relationship for the common registration of two image data sets,
which belongs to digital image correlation (DIC) technology. DIC technology has been
widely used in the study of micro-deformation fields and displacement fields. It can track
the coordinates between the deformed body and the reference point, detect the position
difference between the deformation data set and the reference data, and achieve the purpose
of a quantitative study of local pores, changes in particle structure, mechanical analysis,
and numerical simulation under various loads and percolation [55,71].

The specific steps for the image registration are as follows: Firstly, use the Transform
Editor tool to manually translate, rotate, and scale the wet CT data so that it generally
overlaps with the reference data (that is, the originally dry CT data) as much as possible
under the visual resolution of the naked eye. Secondly, employ Align centers with coarse
layered resampling algorithms in the Register images module to perform alignment correc-
tions in both vertical and horizontal directions. Finally, apply Align principal axes with
perform pixel by pixel resampling algorithms in Register images to conduct the final precise
correction. Fine resampling is carried out employing a refined iterative that is based on the
normalized mutual information measure, Euclidean distance, mark difference, correlation,
and other measurement rules to calculate the center of gravity and moment of inertia of
the two data (that is, the wet and dry CT data). Through the fine correction, it achieves the
best alignment with the undistorted part of the data to the maximum extent possible and
ensures the accuracy of subsequent comparative analysis. The comparison of 2D slice data
in different planes before and after image registration is shown in Figure 8.

2.5. Data Processing and Analysis

For quantitative analysis of the 2D characteristics of the preferential flow, the two-
dimensional slice preferential flow distribution maps were classified by the image supervi-
sion classification method in ArcGIS 10.6 (Esri Inc., Redlands, CA, USA), and furthermore,
the area change of the preferential flow and voids were calculated. Preferential flow distri-
bution and infiltration characteristics in a 3D space were acquired by AVIZO. All statistics
were performed using Excel 2019 (Microsoft Corp, Redmond, WA, USA). The diagram and
graph were drawn and processed by Origin 2016 (OriginLab Corp, Northampton, MA,
USA) and Visio 2019 (Microsoft Corp, Redmond, WA, USA).
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3. Results and Analyses
3.1. Infiltration Characteristics under Dynamic Seepage Conditions

The 3D spatial correction of the CT scan data of the same sample before and after
humidification provides the basis for the comparative analysis of the same specimen during
the water seepage process. As a result, the spatial distribution of preferential flow in loess
macropores can be obtained by segmenting and extracting the pores, liquid, and soil matrix
of CT data under dry and wet conditions.

Here, we take CT scanning results of the first two stages of loess samples under
seepage conditions to explain the basic distribution characteristics of preferential flow in
loess in two and three dimensions.

3.1.1. Two-Dimensional Preferential Flow Characteristics

Figure 9 takes slice 71 on the YZ plane as an example to show the two-dimensional
preferential flow distribution of the original dry state, the first and the second infiltration
activities in the infiltration process in loess. It is shown in Figure 9a that large macropores
developed in the original dry loess sample, which create the pathways for the production
of preferential flow when it infiltrates, thus providing detailed evidence of the existence of
preferential in loess [72].

Compared to Figure 9a, it can be seen from Figure 9b that the green highlight portion
of the YZ section gradually increases. At the same time, some of the large-size macropore
channels are filled with a contrast agent solution; however, there are still some pores
without liquid penetration. This indicates that not all macropores contribute to infiltration,
which is consistent with the view in [73]. In the earlier seepage stage, the contrast agent only
preferentially percolates along the connected macropores, whereas the isolated macropores
do not conduct water. In general, the green high-brightness staining region is unevenly
distributed, which shows that the whole seepage process is not a uniform infiltration with
piston flow, but rather is a preferential infiltration with non-equilibrium macropore flow
and finger flow [74]. Some researchers believe that preferential flow exists only in saturated
loess [75]. However, in this paper, the result proves that preferential flow also develops in
unsaturated loess.
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Figure 9. CT images of loess under different injection levels of contrast agents of slice 71 in the YZ
plane: (a–c) are slices of the YZ plane in the initial state, after the first and second liquid addition,
respectively (blue in the image represents pores, where green in the initial state represents the
loess matrix, and green in the image after liquid addition represents the portion occupied by the
developer solution).

To perform a quantitative analysis, the image-supervised classification of Figure 9a–c
was performed, and the wet rid and distribution area of the contrast agent were calculated
in ArcGIS 10.6. Comparing Figures 9a and 9b, it can be observed that, after the first
seepage, the contrast agent distribution area increased by 25.34 cm2, and the wet rid is
presented as a finger-like distribution with a maximum depth of 3 cm. The stain areas are
unevenly distributed with scattered patches locally and have poor connectivity overall.
When comparing Figures 9b and 9c, it can be seen that after the second seepage, the
contrast agent distribution area has increased by 14.57 cm2 and the maximum wet rid is
approximately 6.5 cm based on the first seepage. It shows that although the green highlight
staining area has expanded further and more large pores were filled with the contrast agent,
there were still some pores without liquid infiltration.

Figure 9b,c give the characteristics of the preferential flow that the percolation staining
areas in the two-dimensional plane distribute with irregular patches locally and dispersedly
distributed with poor connectivity in general. The 2D phenomenon indicates that the
contrast agent solution seeps along the complex macropore network with the preferential
flow in the three-dimensional space. Therefore, it is essential to perform a 3D analysis for
the preferential flow.

3.1.2. Three-Dimensional Preferential Flow Characteristics

Some understanding of the distribution characteristics of preferential flow in the two-
dimensional plane has already been obtained. However, it is difficult to reflect the actual
water distribution in a real 3D space. To this end, we extracted some three-dimensional
distribution maps to reveal the dynamic change laws during the seepage process (see
Figure 10). In the 3D perspective, the macropores can be accurately presented with spatial
distribution and connect manners.
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Figure 10. Distribution of pores and preferential flow with contrast agents in loess (where yellow
represents pores, and blue represents contrast agents): (a) pores after the first liquid addition;
(b) contrast agent after the first infusion; (c) superimposition of pores and contrast agent after the first
addition of liquid; (d) pores after the second addition of liquid; (e) contrast agent after the second
infusion; and (f) superimposition of pores and contrast agents after the second fluid addition. The
red, black, and green circles in the figure are the characteristic parts selected for the comparison of
the changes in macropores before and after seepage.

Figure 10 shows the distribution of the preferential flow after the first and second
seepage in a 3D view. Figure 10a–c represent the macropores, preferential flow, and the
superimposition of pores and flow after the first seepage, respectively, while Figure 10d–f
represent those after the second seepage.

Comparing Figures 9b and 10b, Figure 9b shows that the wet rid depth in the 2D slice
after the first seepage is only 3 cm from the top, whereas Figure 10b shows that in the
3D space, the maximum wet rid depth is larger than that in the 2D space. The volume
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of the 3D preferential flow is 3.75 × 104 mm3 after the first seepage. In the same way,
compared to Figures 9c and 10e, Figure 9c shows that the wet rid depth in the 2D slice after
the second seepage is only 6.5 cm from the top, whereas Figure 10e shows that in the 3D
space, the maximum wet rid reaches the bottom of the loess specimen. The volume of the
3D preferential flow is 4.74 × 104 mm3 after the first seepage.

The reason for the above phenomenon is that the macropore network is complex in 3D
space, resulting in strong space heterogeneity and showing greater depth in 3D space than
in the 2D slice. This indicates that the preferential flow is controlled by the distribution
of the 3D macropore network, which presents the characteristics of spatial non-balance
and anisotropy. According to Cristiano et al. [74], the anisotropy of preferential flow has a
significant impact on the stability of slopes.

3.1.3. Characteristics of 3D Macropores

In the whole seepage process, the soil matrix interacts with the preferential flow [76].
As a result, on the one hand, the soil skeleton would be damaged when the water flows
through, while on the other hand, it causes changes in the macropores.

Figure 10a–c show the results of macropores, water, and the superposition of the
two in the sample, respectively, after the first seepage. Figure 10d–f show the results of
macropores, water, and the superposition of the two in the sample, respectively, after the
second seepage.

Some typical parts were selected to analyze the change law of the macropores. Com-
paring Figures 10a and 10d, the changes in the red circle part in the two seepage processes
are very significant. The comparison shows that there is a large lamellar pore in the ex-
tracted void after the first seepage in Figure 10a; however, the lamellar pores disappeared
in Figure 10d. Similarly, comparing Figures 10b and 10e, in the red circle part, the contrast
agent space increased by invading and replacing the lamellar pores in Figure 10a.

Comparing Figures 10e and 10b, in the black circle part, the space of the contrast
agent increased further. It can be inferred that under the increasing water pressure, some
previously isolated or dead pores were broken through by invading percolation, resulting
in a larger contrast agent group [77].

Comparing Figures 10e and 10b, in the green circle part, when the preferential wetting
front continues to travel to further increase the water pressure, parts of the pores were flushed
and merged, allowing the pore channel to expand. Comparing Figures 10d and 10a, in the
green circle part, some pores become thinner after the second seepage, and the reduced pores
were occupied by the contrast agent.

3.2. Quantitative Characteristics of Pore Structure Change in the Seepage Process

The contents of Section 3.1 showed that the seepage process is complex with strong
anisotropy and non-uniform preferential flow, as well as structural variability of the loess
voids. The evolution of the seepage model is fundamentally determined by the change in
the loess structures. Yu et al. [6], Wei et al. [7,15] and Li et al. [24] have conducted a detailed
quantification of the loess structure by acquiring 2D and 3D parameters, such as porosity,
equal diameter, aspect ratio, shape factor (SF), coordinate number, dip angle, dip direction
angle, tortuosity, etc. In this paper, the authors selected porosity, pore number and volume,
dip angle, and connectivity of the loess voids to reflect the change in pore structure in the
seepage process.

3.2.1. Porosity

Porosity represents the volume fraction between the voids and the total sample, and
is an effective index to reflect the change in the loess skeleton [24,44]. Table 2 shows the
descriptive statistical results of the changes in porosity during the preferential infiltration
process. In Table 2, the marks with D0 and W1~W5 represent the initial dry state and the
wet state from the first to the fifth seepage, respectively.
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Table 2. Descriptive statistical results of the changes in porosity.

State
Mark Average Minimum Maximum Standard

Error
Standard
Deviation Variance

D0 16.91% 12.61% 20.97% ±0.20% 2.38% 5.66%
W1 10.82% 6.75% 14.95% ±0.17% 2.09% 4.35%
W2 8.83% 5.85% 13.13% ±0.14% 1.69% 2.87%
W3 6.63% 3.62% 8.88% ±0.04% 1.37% 1.89%
W4 4.77% 2.15% 6.92% ±0.02% 0.71% 0.50%
W5 4.48% 2.35% 7.45% ±0.02% 0.54% 0.29%

‘D0’ represents the initial dry state of the sample; ‘W1~W5’ represents the wet state after the first to the fifth
seepage, respectively.

Based on Table 2, containing column diagrams of the average porosity variation, the
relative and absolute change rate under dynamic seepage conditions were plotted and
shown in Figures 11 and 12, respectively.
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Figure 11. Column diagrams of the average porosity variation under dynamic seepage conditions.

Water 2023, 15, x FOR PEER REVIEW 14 of 25 
 

 

 

Figure 12. Column diagrams of the relative and absolute change rate under dynamic seepage con-

ditions. 

3.2.2. Pore Number and Volume 

In Section 3.2.1, we find the seepage evolution model from the variation law of po-

rosity in loess. To provide further evidence, the curves of pore number and pore volume 

varying with pore diameter for each seepage of the loess sample were plotted in Figures 

13 and 14, and the corresponding statistical results are shown in Tables 3 and 4.  

 

Figure 13. Curves of pore number varying with pore diameter for the dry state and each seepage. 

 

Figure 14. Curves of pore volume varying with pore diameter for the dry state and each seepage. 

  

0 1 2 3 4 5
0

5

10

15

20

25

30

35

40

45

50
 Relative reduction rate of porosity

Number of seepageR
el

at
iv

e 
re

d
u

ct
io

n
 r

at
e 

o
f 

p
o

ro
si

ty
 (

%
)

0

1

2

3

4

5

6

7

8

9

 D0       W1      W2

 W3      W4      W5

 A
b

so
lu

te
 c

h
an

g
e 

v
al

u
e 

o
f 

p
o

ro
si

ty
 (

%
)

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0

0.001

0.01

0.1

1

10

30

P
er

ce
n
ta

g
e 

o
f 

th
e 

p
o
re

 n
u
m

b
er

 (
%

)

Pore diameter (mm)

 D0

 W1

 W2

 W3

 W4

 W5

5+

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0

0.1

1

10

100

P
er

ce
n
ta

g
e 

o
f 

th
e 

p
o
re

 v
o
lu

m
e 

(%
)

Pore diameter (mm)

 D0

 W1

 W2

 W3

 W4

 W5

5+

Figure 12. Column diagrams of the relative and absolute change rate under dynamic seepage conditions.

As can be seen in Figure 11, the average porosity gradually decreases with increasing
seepage times and decreases quantitatively from 16.91% to 4.48%. By fitting the average
porosity value of the soil sample after each seepage, an equation was derived that is
y = 16.58 − 4.93x + 0.5x2, R2 = 0.98, which is following the law of quadratic polynomial
variation. As can be seen in Figure 12, porosity decreases significantly during the initial
seepage stage with a reduction rate of 36.01% and decreases slower as the seepage continues
with a rate of 6.08% in the last seepage.
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3.2.2. Pore Number and Volume

In Section 3.2.1, we find the seepage evolution model from the variation law of porosity
in loess. To provide further evidence, the curves of pore number and pore volume varying
with pore diameter for each seepage of the loess sample were plotted in Figures 13 and 14,
and the corresponding statistical results are shown in Tables 3 and 4.
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Figure 13. Curves of pore number varying with pore diameter for the dry state and each seepage.
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Table 3. Statistics of the percentage of change in the pore number during the seepage process.

Equal Diameter (mm)
Changing Percentage of the Pore Number (%)

W1 W2 W3 W4 W5

<1 –3.049 –0.583 +40.726 +1.553 +0.948
1~2 +6.686 +2.123 –33.573 –1.525 –0.879
2~3 +1.001 +0.238 –3.615 –0.032 –0.066
3~4 –1.074 –0.378 –1.173 +0.005 –0.003
4~5 –1.371 –0.631 –0.895 0.000 0.000
>5 –2.193 –0.769 –1.469 0.000 0.000

‘+’ represents an increase, and ‘–’ represents a decrease.

During the first seepage, the number of voids decreased by 3.049% in the interval of
less than 1.0 mm, increased by 7.687% in the interval of 1.0~3.0 mm, decreased by 2.445%
in the interval of 3.0~5.0 mm, and decreased by 2.193% in the interval of greater than
5.0 mm. Correspondingly, the volume of voids increased by 0.989% in the interval of less
than 1.0 mm, increased by 8.660% in the interval of 1.0~3.0 mm, decreased by 1.267% in the
interval of 3.0~5.0 mm, and decreased by 8.382% in the interval of greater than 5.0 mm.
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Table 4. Statistics of the percentage of change in the pore volume during the seepage process.

Equal Diameter (mm)
Changing Percentage of the Pore Volume (%)

W1 W2 W3 W4 W5

<1 +0.989 +0.824 +32.042 +3.610 +4.134
1~2 +5.895 +4.804 +40.320 –4.370 –1.797
2~3 +2.765 +2.481 +0.955 +0.363 –2.347
3~4 +0.414 –0.115 –6.971 +0.714 –0.364
4~5 –1.681 –3.142 –11.745 0.000 0.000
>5 –8.382 –4.853 –54.600 0.000 0.000

‘+’ represents an increase, and ‘–’ represents a decrease.

During the second seepage, the number of voids decreased by 0.583% in the interval
of less than 1.0 mm, increased by 2.361% in the interval of 1.0~3.0 mm, decreased by 1.008%
in the interval of 3.0~5.0 mm, and decreased by 0.769% in the interval of greater than
5.0 mm. Correspondingly, the volume of voids increased by 0.824% in the interval of less
than 1.0 mm, increased by 7.286% in the interval of 1.0~3.0 mm, decreased by 3.257 in the
interval of 3.0~5.0 mm, and decreased by 4.583% in the interval of greater than 5.0 mm.

During the third seepage, the number of voids increased by 40.726% in the interval
of less than 1.0 mm, decreased by 37.188% in the interval of 1.0~3.0 mm, decreased by
2.068% in the interval of 3.0~5.0 mm, and decreased by 1.469% in the interval of greater
than 5.0 mm. Consequently, the volume of voids increased by 32.042% in the interval of less
than 1.0 mm, increased by 41.275% in the interval of 1.0~3.0 mm, decreased by 18.716 in
the interval of 3.0~5.0 mm, and decreased by 54.6% in the interval of greater than 5.0 mm.

During the fourth seepage, the number of voids increased by% in the interval of less
than 1.0 mm, decreased by 1.553% in the interval of 1.0~3.0 mm, decreased by –1.557% in
the interval of greater than 3.0 mm remaining unchanged. Correspondingly, the volume
of voids increased by 3.610% in the interval of less than 1.0 mm, increased by 4.007% in
the interval of 1.0~3.0 mm, decreased by 0.741 in the interval of 3.0~5.0 mm, and remained
unchanged in the interval of greater than 5.0 mm.

During the fifth seepage, the number of voids increased by 0.948% in the interval
of less than 1.0 mm, decreased by 0.946% in the interval of 1.0~3.0 mm, and remained
unchanged in the interval of greater than 5.0 mm. Correspondingly, the volume of voids
increased by 4.134% in the interval of less than 1.0 mm, increased by 4.144% in the interval
of 1.0~3.0 mm, decreased by 0.364 in the interval of 3.0~5.0 mm, and remained unchanged
in the interval of greater than 5.0 mm.

3.2.3. Dip Angle

Statistical analysis was performed on the dip angle of penetration of the pores from
drying to the last seepage with an interval of 10◦. The statistics results are listed in Table 5,
and the rose map of the dip angle for each seepage is shown in Figure 15. Table 5 shows
that the pores with a dip angle of more than 40◦ in the sample were found to decrease by
36.58% after five percolation times, and the reduced part was transformed into pores with
a smaller dip angle, resulting in a corresponding increase in the number of pores with a dip
angle of less than 40◦ by 36.58%. It can be seen from Figure 15 that after seepage occurs two
times, there is an obvious ‘right deviation’ on the dip–rose diagram, and the most obvious
is that the number of pores greater than 60◦ has decreased by 25.66%.

Table 5. Statistics of the pore number percentage and the change value in each dip angle interval.

Dip Angle (◦) D0 W1 W2 W3 W4 W5 ∆

0~10 7.47 7.23 7.42 18.56 20.92 21.83 +14.37
10~20 6.47 6.89 6.75 17.70 18.22 18.86 +12.39
20~30 8.53 7.82 8.18 15.67 15.52 15.68 +7.15
30~40 9.95 9.31 9.31 14.17 13.01 12.62 +2.67
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Table 5. Cont.

Dip Angle (◦) D0 W1 W2 W3 W4 W5 ∆

40~50 12.85 12.95 12.27 11.69 10.58 10.00 –2.86
50~60 16.09 15.80 15.56 9.07 8.66 8.03 –8.06
60~70 18.31 18.72 16.63 6.88 6.76 6.63 –11.68
70~80 14.39 14.94 16.22 4.62 4.65 4.54 –9.85
80~90 5.94 6.35 7.66 1.64 1.67 1.81 –4.13

‘+’ represents an increase, and ‘–’ represents a decrease. ‘4’ represents the change in the percentage of the pore
number in each 10◦ interval between W5 and D0.
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Figure 15. Dip–rose diagram of the percentage of pore number in each dip angle interval of 10◦,
including the initial dry state and the wet state after the first to the fifth seepage.

3.2.4. Connectivity

Note that the pore connectivity here actually refers to the air permeability of the
loess sample. Although the contrast medium is added, only the part occupied by air can
be identified and marked as pores. The contrast-solution-filling part includes the water-
conductive pore and part of the soil matrix. Therefore, the decrease in pore connectivity
precisely reflects the increase in water-conductive connectivity of the sample. The changing
diagram is shown in Figure 16.

1 
 

 
Figure 16. Change in the connectivity of the pores during the seepage process.

As can be seen in Figure 16, with continuous seepage, pore connectivity gradually
decreases, indicating that the originally connected pores are gradually filled with the
contrast agent solution, and the remaining pores tend to be blind-end pores and isolated
pores. For the third seepage, the water pressure caused by the seepage forces the pores
to expand, leading to an increase in connectivity. As the wetting front drives the bubbles
traveling on, the newly expanded pores are temporarily occupied by air. Also, after the
fourth seepage, the newly expanded pores are filled by the contrast agent solution, resulting
in a further reduction in connectivity.



Water 2023, 15, 2963 17 of 24

4. Discussions
4.1. The Formation Process of the Seepage Evolution Model

The study of the seepage evolution model is a critical technological issue for the
construction and O&M (operation and maintenance) of important facilities located on the
earth’s surface and underground [78], such as infrastructure embankments [79,80], tailings
ponds and dams [81,82], and tunnels and pipelines [83,84]. However, when considering
seepage problems in the loess region, it is always based on the macroscopic piston flow
based on Darcy’s law [85]. There is relatively little research on the evolution of seepage
patterns under the influence of preferential flow [86,87], so the research in this article is of
great significance.

In the dynamic change in the structure of the loess, the variation in porosity is accom-
panied by the interaction between the soil and the water in the preferential infiltration
process [44]. Therefore, in this paper, the authors utilize the changing law of porosity to
explore the seepage evolution model of the undisturbed loess under dynamic infiltration.

Based on the porosity change results in Table 2, and Figures 11 and 12, there are six
porosity distribution curves along the Z direction of the loess sample responding to the
initial dry state and the wet state after the first to the fifth seepage, which are plotted in
Figure 17. As can be seen from Figure 17, the six porosity distribution curves were marked
as D0, W1, W2, W3, W4, and W5, respectively. Through the comparison of the six curves in
Figure 17, several findings are derived.

Water 2023, 15, x FOR PEER REVIEW 17 of 25 
 

 

fourth seepage, the newly expanded pores are filled by the contrast agent solution, result-
ing in a further reduction in connectivity. 

 
Figure 16. Change in the connectivity of the pores during the seepage process. 

4. Discussions 
4.1. The Formation Process of the Seepage Evolution Model 

The study of the seepage evolution model is a critical technological issue for the con-
struction and O&M (operation and maintenance) of important facilities located on the 
earth’s surface and underground [78], such as infrastructure embankments [79,80], tail-
ings ponds and dams [81,82], and tunnels and pipelines [83,84]. However, when consid-
ering seepage problems in the loess region, it is always based on the macroscopic piston 
flow based on Darcy’s law [85]. There is relatively little research on the evolution of seep-
age patterns under the influence of preferential flow [86,87], so the research in this article 
is of great significance. 

In the dynamic change in the structure of the loess, the variation in porosity is accom-
panied by the interaction between the soil and the water in the preferential infiltration 
process [44]. Therefore, in this paper, the authors utilize the changing law of porosity to 
explore the seepage evolution model of the undisturbed loess under dynamic infiltration. 

Based on the porosity change results in Table 2, and Figures 11 and 12, there are six 
porosity distribution curves along the Z direction of the loess sample responding to the 
initial dry state and the wet state after the first to the fifth seepage, which are plotted in 
Figure 17. As can be seen from Figure 17, the six porosity distribution curves were marked 
as D0, W1, W2, W3, W4, and W5, respectively. Through the comparison of the six curves 
in Figure 17, several findings are derived. 

 
Figure 17. Porosity distribution curves along the Z direction of the loess sample responding to the 
initial dry state and the wet state after the first to the fifth seepage. The dashed lines represent the 
typical depth mentioned in the main text. 

0 1 2 3 4 5
50

60

70

80

90

100
92.68

80.42

68.88

80.08

67.63

56.09

 D0
 W1
 W2
 W3
 W4
 W5

C
on

ne
ct

iv
ity

 (%
)

Seepage time

5 10 15 20 25

100

80

60

40

20

0

50mm

60mm

35mm

70mm

Porosity (%)

 D0
 W1
 W2
 W3
 W4
 W5

D
ep

th
 (m

m
)

Figure 17. Porosity distribution curves along the Z direction of the loess sample responding to the
initial dry state and the wet state after the first to the fifth seepage. The dashed lines represent the
typical depth mentioned in the main text.

(1) For the dry sample porosity curve, the porosity with an average value of 16.91%
for D0 in each layer is the maximum along the z direction throughout the depth.

(2) Comparing the porosity curve of the wet sample after the first seepage (W1) to that
of the dry sample (D0), there exists a characteristic location at a depth of 35 mm from the top.
The porosity of W1 has a significant decrease compared to D0 overall, while it has the same
varying trend below the depth of 35 mm with different porosity values. It shows that after
the first seepage, the main wet rid reaches 35 mm; however, the preferential flow containing
the contrast agent has been transported deep to the bottom of the sample along some
certain well-connected channel. This is consistent with the results of Sections 3.1.1 and 3.1.2.
The performance of this stage is consistent with the findings of Mooney [43,85]; that is,
during the initial stage of seepage, it migrates in a manner of high-speed preferential flow.

(3) Comparing W2 to W1, there is a second characteristic depth of 70 mm from the
top. The porosity of W2 has a significant decrease compared to W1 above the 70 mm
location, while it has a near amplitude and trend with W1 below the depth of 70 mm. This
shows that after the second seepage, the preferential wet rid reaches 70 mm; however, the
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preferential flow remains to transport only the channel of W1 with subtle expansion or
destruction of the channel during this process.

(4) Comparing W3 to W2, there is a third characteristic depth of 50 mm from the top.
The porosity of W3 has a near amplitude and trend with W2 above the location of 50 mm,
while it has a significant reduction with W2 below the depth of 50 mm. This shows that
the sample is partially saturated above the location of 50 mm and that the soil structure
does not change; however, some previous unconnected pores were broken through to be
connected, so the contrast agent percolates into them [88], resulting in a decrease in the
pore volume fraction further under the action of water pressure.

(5) Comparing W5 to W4, there is a fourth characteristic depth of 60 mm from the top.
The porosity of W5 has nearly the same amplitude and trend as that of W4 above the 60 mm
location. This illustrates that apart from some isolated pores, the rest are saturated by water
and that the porosity will no longer decrease. In this part, the seepage of the contrast agent
is dominated by piston flow. However, the porosity still decreased in a small range below
60 mm because there is a part of the pores that is still expanding and developing, and
preferential flow still exists but with weaker action intensity.

Based on the analysis in Figure 17, it can be seen that there is an obvious preferential
flow phenomenon in the infiltration process of the loess sample [29]. The strong argument
is that if the infiltration is uniform across the entire sample, the porosity will change above
the main wet rid and remain unchanged below the wet front [89]. However, the porosity
decreases as it increases or decreases with the average wetting front. The seepage infiltrated
first along the preferential flow pathways and bypassed part of the soil matrix to penetrate
deep into the loess [44]. It is worth addressing that the porosity decreased overall for the
connected pores being filled with a contrast agent, however, at some local depth or stage
the porosity increased occasionally. For example, in the situation mentioned above, the
porosity curve of W3 locally increased compared to W2 above the characteristic depth
because the pores expanded and developed under water pressure. However, not all of
them serve as conductive pores for the existence of preferential flow; some newly created
pores are just blind-end pores connected with the trunk pores. Although these pores do not
have infiltration contributions, they contribute a certain volume fraction of the pores.

To reveal a seepage evolution model of the seepage in loess, a summary of the variation
law of porosity in loess samples along the z direction in the seepage process is provided:
The contrast agent first infiltrated with a fast preferential flow to fill most of the preferential
flow pathway [86] and made the porosity decrease rapidly, then infiltrated by piston flow
with high water pressure to enter the pores with relatively small size. Due to the high
water pressure, the original discontinuous pores could expand and develop [90], induced
preferential flow once again locally until there is no significant pore expansion, and finally
infiltrated via piston flow. Therefore, it presents a seepage evolution model of ‘preferential
flow-piston flow–mixture flow (preferential and piston flow)–piston flow’.

4.2. Evidence for the Seepage Evolution Model

Diameter, volume, and dip angle are key parameters that reflect the change in the
geometry of the pores, which serves as strong evidence for the interaction between prefer-
ential flow and loess [24]. And, coincidentally, the seepage evolution occurred during such
an interaction process.

From Figures 13 and 14, together with Tables 3 and 4, the changes in pore number and
volume were presented. The variation law can be divided into three stages and summarized
as follows.

In the early stage of the seepage (that is, the first and second seepage), the con-
trast agent infiltrates along the large channel in the initial stage of the seepage, and the
gaps larger than 5.0 mm are first filled with contrast agent. At the same time, the num-
ber and volume of the voids identified by CT begin to decrease. Furthermore, since
the voids are filled with contrast agents, the initial voids become intermediate apertures
(2.0~5.0 mm). The voids in this interval are in a dynamic change of expansion, develop-
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ment, and destruction accompanied by seepage erosion [82]. Therefore, there is not much
fluctuation in the number and volume of voids. The variation pattern conforms to the
seepage mode evolving from preferential flow to piston flow.

However, with further infiltration (the middle stage, that is, the third seepage), the
invasion of the contrast agent solution will break and block the branches or blind ends of
large channels to form many dispersed voids, thus increasing the number and volume of
voids with a pore size smaller than 2.0 mm. In the middle stage of seepage, the number and
volume of pores with a pore size less than 2.0 mm continue to increase, and the number of
pores with intermediate pore size changes steadily, but the volume changes intensify. For
example, in the third seepage, the volume of pores with a size of pores greater than 3.0 mm
decreases by 73.316%, and these pores are further transformed into small pores. In this
stage, the seepage mode belongs to the mixture flow (preferential and piston flow), and
both flow patterns exist simultaneously, resulting in a complex change of the soil structure
under continuous seepage erosion [91].

In the later stage of seepage, the number of pores smaller than 4.0 mm still fluctu-
ates but with a small amplitude. In particular, the volume of the voids did not change
in the pores larger than 4.0 mm. The seepage pattern in this stage is piston flow with
steady change.

In Figure 15, there is an obvious ‘right deviation’ in the dip–rose diagram. The main
reason is that in the infiltration process, the pores with better vertical orientation are
infiltrated first and filled by a contrast agent, and the content of the pores with a greater
dip angle (greater than 45◦) decreases. Since not all pores are saturated, the part occupied
by air is identified as pores during CT scanning, and most of these pores are spherical
and ellipsoidal, increasing the blocking of macropore branch pores by contrast agent and
the sealing of blind pores. The spherical and ellipsoidal pores also increase, and their dip
angles are generally small, so the pores under 40◦ increase.

4.3. The Inner Motivation of Percolation

Previous studies mainly focused on the hydraulic contribution of connected pores.
However, the potential hydraulic effects of disconnected or isolated pores are often over-
looked [92]. The authors find that during the seepage process, the pore structure is often
changing under the action of water pressure and hydraulic erosion. This is mainly due to
the presence of a percolation phenomenon [93,94].

In Figure 16, with continuous percolation, the pore connectivity gradually decreases,
indicating that the originally connected pores are gradually filled by the contrast medium
solution and that the remaining pores tend to be the remaining blind-end pores and isolated
pores. For the third seepage stage, the connectivity increases, mainly due to the expansion
of the pores caused by the water pressure under percolation [95]. As the bubbles in the
water and the bubbles at the leading edge of the hydraulically driven wetting front travel,
the newly expanded pores are temporarily occupied by gas, and after further seepage, that
is, the fourth seepage, the newly expanded pores are filled by the contrast medium solution,
resulting in further reduced connectivity.

This phenomenon shows that the loess pores have been further expanded and de-
veloped in the infiltration process, and that some pores that do not conduct water have
been ‘break-through’ by water pressure and have become connected pores with the hy-
draulic contribution.

4.4. Limitations and Future Research

For loess slopes, when rainfall or irrigation water infiltrates, the soil–water interac-
tion process involves not only mechanical expansion and development but also particle
migration and blockage under seepage, accompanied by hydro-chemical reactions [96].
Carbonate, clay minerals, and other types of cement in loess are dissolved under the hydro-
chemical action, which can change the structure of loess [97]. Strictly speaking, it has an
impact on the structure of loess. Currently, in the study of collapsibility, the hydro-chemical
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effects of loess cannot be ignored. However, this paper mainly focuses on the migration of
particles and changes in pore structure under the action of preferential flow. Compared to
chemical action, the physical effects generated by this water flow are more intense, so the
focus is mainly on flow action, and for now, the hydro-chemical action is not considered,
as it has a limited impact on the results of this article. In the future, it is necessary to
strengthen the hydro-chemical interaction between preferential flow and the loess matrix
under unsaturated conditions to obtain more refined results.

In addition, this article mainly discovered the seepage evolution mode through experi-
ments; there is still a lack of quantitative theoretical models. The water infiltration model in
the loess has important hydraulic significance, providing an important reference for future
research on the seepage process and the disaster mechanism of the slope instability of loess
under the action of water.

5. Conclusions

CT has been widely used in industrial engineering; pedology; geology; material sci-
ence; archaeology; aerospace, coal, rock, oil and gas, and chemical engineering; geotechnical
engineering; and other fields, but few scholars have used it to study changes in seepage
channels and changes in preferential flow distribution in the process of dynamic seep-
age. In this chapter, using an experimental seepage device, the dynamic CT scanning of
preferential flow was carried out under humidification conditions, two-dimensional and
three-dimensional distribution characteristics of preferential flow were obtained, and the
pore structure parameters of loess samples under humidification conditions were extracted.
The following are some conclusions reached:

(1) From the point of view of the seepage in the two-dimensional section, the whole
seepage process exhibits nonequilibrium macropore flow and finger-shaped preferential in-
filtration with the water-passing area unsaturated and accompanied by the water exchange
between the preferential area and the surrounding matrix area.

(2) From the dynamic distribution of the three-dimensional preferential flow in loess,
the three-dimensional seepage of the contrast medium in loess is mainly controlled by
the distribution of macropores with non-equilibrium and anisotropy characteristics. With
the increase in the water content, the preferential flow not only migrates in the existing
connected macropores, but also makes the originally isolated pores into connected channels
and forms larger contrast medium seepage groups under the function of percolation.

(3) From the dynamic change of the porosity in loess, the seepage evolution model was
summarized as ‘preferential flow-piston flow-preferential piston mixture flow-piston flow’.

(4) The variation characteristics of the number and volume of pores with the diameter
of pores in the dynamic humidification seepage process show that (a) in the early stage of
the seepage, the contrast agent preferentially infiltrates along larger pores in the form of
preferential flow and gradually evolves to piston flow; (b) in the middle stage, the seepage
mode belongs to mixture flow (preferential and piston flow), resulting in the complex
change of the soil structure; and (c) in the later stage of seepage, the seepage pattern in this
stage is piston flow, with small fluctuation of the pore number and volume.

(5) With the inner motivation of percolation, the pore structure changes dynami-
cally with increasing water pressure, resulting in the corresponding variation of the pore
connectivity and even the evolution of the seepage model during the infiltration process.

Limitations exist in no consideration of the hydro-chemical action, although the
physical effects generated by the preferential water flow are more intense, and the hydro-
chemical action is not considered temporary. In the future, it is necessary to strengthen the
hydro-chemical interaction between preferential flow and loess matrix under unsaturated
conditions to obtain deeper results, as well as to establish theoretical models to conduct
deeper research on the seepage process and the disaster mechanism of loess slope instability
under preferential flow.
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