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Abstract: Internal erosion is one of the important
factors  causing  geological  disasters.  The
microstructure of soil can change with seepage
erosion, resulting in changes in the hydraulic and
mechanical properties of the soil. The evolution of
seepage erosion is investigated with X-ray computed
tomography (CT) in this study. The change in
macropore structure characteristics during the
seepage erosion test is quantified and the influence of
seepage erosion on soil deformation is analyzed.
Moreover, a pore network model (PNM) is established
for the specimens and the evolution of the connected
pore size characteristics is assessed. The results show
that the macropore structure is significantly affected
by seepage erosion, especially in terms of the porosity
and pore geometry characteristics. The changes in
macropore structure characteristics are most obvious
in the lower part of the specimen. The influence of
seepage erosion on the pore size distribution (PSD)
and soil deformation is heterogeneous and closely
dependent on the spatial location of the soil.
Moreover, seepage erosion enhances macropore
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connectivity and has a directional impact on
macropore orientation. These findings can provide a
reference for the theoretical modeling and numerical
simulation of the seepage erosion and improve the
understanding of the seepage erosion evolution in
engineering practice.
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1 Introduction

Hydraulic actions, such as rainfall, fluctuations in
reservoir water level, freezing—thawing cycles and
wetting—drying cycles, are the main factors affecting
geological hazards, including landslides, dam breaks,
soil erosion, and debris flows (Korup 2004; Huang
2009; Nowamooz et al. 2016; Luo et al. 2019; Liu et
al. 2020; Qin et al. 2021). Seepage erosion in soil
slopes, slope deposits, and reactivated old landslides
significantly decreases their stability and induces
landslides (Crosta and Prisco 1999; Fox and Wilson



2010; Flores-Berrones et al. 2011; Pan et al. 2017; Lei
2021). Among 11192 surveyed dams, 136 dams
experienced dysfunction, 46% of which was related to
seepage erosion (Foster et al. 2000). The hydraulic
properties and mechanical conditions can be changed
with long-term erosion. Moreover, the structural
surfaces in slopes and dams, such as soil-rock
interfaces or soil-structure interfaces, are the
dominant seepage surfaces that are vulnerable to
seepage erosion and can control the overall stability
(Chu-Agor et al. 2008; Kim et al. 2019; Huang et al.
2021). Seepage erosion is especially dangerous
because it is imperceptible and persistent (Flores-
Berrones et al. 2011; Zuo et al. 2020). Therefore, it is
crucial to investigate the evolution and failure
mechanisms of seepage erosion.

Seepage erosion can be divided into four types:
suffusion, backward erosion, contact erosion and
concentrated leak erosion (Fell and Fry 2007). Each
erosion type shows different erosion evolution
characteristics and failure mechanisms, which depend
on the soil structure characteristics, hydraulic
conductions and stress state, such as grain size
distribution (GSD), soil porosity and seepage
direction (Richards and Reddy 2007; Chang and
Zhang 2013; Liu et al. 2019; Chen et al. 2021; Zhu et
al. 2022). Moffat et al. (2011) investigated the
susceptibility of four widely graded soils to internal
erosion and revealed novel insights into the spatial
and temporal progression of seepage erosion. Their
results indicated that the erosion evolution is
governed by both the effective stress and hydraulic
gradient and that a drastic decrease in the local
hydrometric gradient suggests the onset of instability.
Richards and Reddy (2012) investigated the influence
of different factors on the initiation and evolution of
different erosion failure types by a true triaxial
permeameter apparatus and indicated that the
influence of intermediate and minor principal stresses
on seepage erosion initiation is insignificant. Through
a series of suffusion tests by a triaxial permeameter
and a one-dimensional seepage permeameter, Ke and
Takahashi (2014) revealed that the porosity of a
sample would increase with the progress of suffusion,
resulting in a reduction in soil strength. Nevertheless,
previous studies mostly investigated seepage erosion
on the macroscale with macroscopic hydraulic
measurements, such as measurements of hydraulic
conductivity, critical hydraulic gradient and eroded
soil mass, which cannot directly reflect changes in soil
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structure. The specimens showed significant
transverse heterogeneities (i.e., perpendicular to the
flow direction) and longitudinal heterogeneities (i.e.,
parallel to the flow direction) in seepage erosion tests
(Moffat et al. 2011; Sail et al. 2011; Huang et al. 2021).
This cannot be quantified by traditional macroscopic
measurements. Furthermore, it is difficult to obtain
the continuous evolution of seepage erosion because
the measuring methods are destructive (Starkloff et
al. 2017). Therefore, it is imperative to investigate the
change in soil microstructure during the evolution of
seepage erosion.

With the in-depth study of geomaterials,
researchers have concluded that the microstructure of
soil significantly affects its hydraulic and mechanical
properties and that it is essential to quantitatively
investigate the change in soil microstructure (Chang
and Zhang 2013; Wang et al. 2019; Guo and Cui
2020; Zhao et al. 2020; Wang et al. 2021b). X-ray
computed  tomography (CT), an effective
nondestructive detection technology, makes it
possible to quantify soil microstructure at the pore
scale and acquire the  three-dimensional
microstructure of soils (Starkloff et al. 2017; He et al.
2020; Kido et al. 2020). There have been numerous
recent studies of changes in soil microstructure based
on CT technology, including water retention and
solute transport, strain localization, particle
morphological features and so on (Luo et al. 2010;
Manahiloh and Meehan 2017; Zhao et al. 2017; Meng
et al. 2018; Kido et al. 2020). Nevertheless, few
experimental investigations on the change in soil pore
structure with seepage erosion have been reported in
the literature. Based on the spatiotemporal evolution
of clogging and unclogging at the microscopic scale,
Bianchi et al. (2018) revealed that the permeability
jumps during internal erosion could be attributed to
flow path reorganization. Through images obtained
from CT, Nguyen et al. (2019) demonstrated that a
preferential flow path existed at the periphery of a
sample during seepage erosion testing, which makes
it difficult to characterize the mechanical properties of
soil material after erosion with a small-scale device.
Hence, further investigation and understanding of
seepage erosion at the microscale is indispensable and
significant.

In the present study, CT scanning experiments
were performed during seepage erosion testing to
investigate the influences of seepage erosion on the
soil macropore structure. The visualization and
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quantification of macropore structure was conducted
with AVIZO software. The changes in the pore
structure characteristics and pore size distribution
(PSD) during seepage erosion development were
calculated and analyzed. Moreover, a pore network
model (PNM) of the specimen was established, and
the influence of seepage erosion on the connected
pore size characteristics was assessed. This study
provides a reference and supplement for discrete
element method numerical simulations and
macroscale seepage erosion tests and enhances the
understanding of the seepage erosion evolution
process.

2 Experimental Method

2.1 Testing apparatus

In this study, a permeameter was designed and
used to investigate the evolution of seepage erosion
under unidirectional seepage flow. A schematic
diagram of the apparatus is shown in Fig. 1. It consists
of a water tank, a permeameter cell, a soil collection
unit, a water collection unit and a data acquisition
system. The water is sent directly into the water tank
to provide a constant head drop. The permeameter
cell is made of a cylindrical Perspex tube and is fitted
with one group of pore water pressure transducers
(PWPTs). The permeameter cell is 70 mm in diameter
and 180 mm in height. The perforated steel plate with
one array of 4 mm diameter round holes is installed
on the base pedestal. The eroded soil collection
system consists of a conical drainage, a detachable
container and an electronic balance. The detachable
container is replaceable during the test to investigate
the eroded soil mass under different water head
drops. The water collection unit includes an acrylic
water container, a downstream reservoir and an
electronic balance. To maintain a constant water
head, the water level of the downstream reservoir is
slightly higher than the bottom of the specimen. The
data monitoring and recording of PWPTs and
electronic balance are automatically performed by the
data acquisition system.

2.2 Test materials

The tested soil (TS) material was remolded by
mixing gravelly granite (GG) and quartz sand (QS) to

3404

ensure repeatable and predictable performance. GG is
the coarse-grained matrix, and QS is the fine-grained
matrix. Fig. 2 shows their GSDs together with that of
the mixture, and the properties of TS are presented in
Table 1. The tested soil is gap-graded soil, which is
more prone to internal erosion due to the lack of
certain grain sizes (Wan and Fell 2008). The potential
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Fig. 1 Schematic diagram of test apparatus.
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Fig. 2 Particle size distribution of tested soil.

Table 1 Grains size distribution parameters
Properties GG QS TS
Specific gravity, Gs 2,71 2.68 2.70

Uniformity coefficient, Cu 277 1.38 41.20
Fines content (%) - - 31

D, 5/ d85 - - 8 .97
(H/F)min - - 0.099

Notes: D5 is the maximum grain size of smallest 15 %
of coarse matrix (GG); dss is the maximum grain size of
smallest 85% of fine matrix (QS). H is the mass fraction
over a range of grain diameter d to 4d; F is the mass
passing at the lower limit of the interval grain size d. TS,
tested soil.



vulnerability of internal erosion is controlled by the
geometric properties of the soil composition. TS is
identified as internal instability according to the
geometric criteria of Kezdi (1979), Kenney and Lau
(1985) and Fannin and Moffat (2006). Hence,
internal erosion can be triggered when the hydraulic
gradient reaches the critical value.

2.3 Test procedure

The preparation phase includes specimen
preparation and saturation. To prevent soil
segregation, the specimen was prepared by moist
tamping with 6.5% water content. Each tested
specimen was 150 mm in height and 70 mm in
diameter. The soil was tamped with three layers, and
each layer was 50 mm. Dry density control is
employed at each layer to improve the accuracy and
repeatability of the test. The soil is compacted
manually to the target height layer by layer with the
compaction hammer. A gravel layer was placed at the
top of the specimen to prevent the impact of incoming
flow and to ensure uniform flow through the
specimen. The differential water-head method was
performed to saturate the specimen (Suits et al. 2011).
The deaired water slowly flowed into the specimen
from bottom to top by increasing the water head, and
the change in water level was sufficiently slow (i.e., 5
cm per 1 h). This approach prevents soil segregation
and achieves good saturation at the termination of the
saturation process.

After the preparation phase, the seepage erosion
test was initiated. The increase in the water head drop
was performed by a multistage process to the final
value. Based on several trial tests, the increment of
the hydraulic gradient of each step was selected to be
a small value (i.e., Ai,, =0.2~0.5). This was to
investigate the evolution of seepage erosion accurately
and to prevent potential soil destabilization due to the
sharp increase in the hydraulic gradient. The
hydraulic gradient was increased to a higher level

Scan 1 Scan 2
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when the outflow rate remained constant and there
was no further eroded soil loss. To ensure sufficient
seepage stability, the duration of each stage was
approximately 45-90 min. At the end of the stage, CT
scanning was performed, and the detachable
container was replaced. The tests were terminated
when (1) the specimen could not sustain any further
increase in the hydraulic gradient and erosion failure
was triggered or (2) the maximum hydraulic gradient
of the device was applied. The pore water pressure
and flux were collected automatically during the test.
The actual eroded soil mass was calculated by oven-
dried soil particles collected in the detachable
container. It is helpful to assess and -calibrate
subsequent image processing.

Four scans were performed with specimens by
high-resolution CT (YXLON-FF35, Germany),
corresponding to the different erosion evolution
stages during the seepage erosion test (Fig. 3). Scan 1
is obtained after the completion of saturation; Scan 2
is obtained at the termination of the critical hydraulic
gradient, implying the onset of erosion but not
significant eroded soil loss; Scan 3 and 4 are
performed after the soil has undergone erosion,
corresponding to different hydraulic gradients and
erosion degrees. CT scanning parameters were a
working voltage of 200 kV and an operating current
of 220 pA. The container is made of transparent
acrylic material, which may cause beam hardening
close to the sidewall (Starkloff et al. 2017). Hence, the
1-mm-thick copper plate covered the detector to
improve the image quality and attenuate the beam-
hardening phenomenon. During the scan test, the
sample table was rotated 360°, and the scanning rate
(rotation angle of the sample table) was 0.33°. A total
of 1080 radiographs of the sample with a
discretization of 2048 x 2048 pixels were obtained in
each scan. The corresponding spatial resolution (i.e., a
voxel) was 0.1 mm x 0.1 mm X 0.1 mm (X, y, z). The
acquisition time of each scan was approximately 60
min.

Scan 3 Scan 4

Specimen Seepage test Seepage test Seepage test
saturation (i=0.8) (i=14) (i=1.8)

Fig. 3 Process of the seepage erosion test with the four successive scans. i is the hydraulic gradient during the test.
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2.4 Image processing and PNM extraction

After CT scanning, CT images were further
processed. Image processing was performed in AVIZO
software, including region of interest (ROI)
delimiting, noise filtering, image segmentation and
3D reconstruction. First, the voxels outside the soil
specimen were removed. The size of the images after
cropping was 700x700x1500 voxels, corresponding
to physical dimensions of 70 mm x 70 mm x 150 mm.
Then, the clipped image was divided into three parts
in the vertical direction, and three ROIs were selected,
which were called Top, Middle and Bottom,
corresponding to the upstream, midstream and
downstream parts in the seepage process (i.e., the
upper, middle and lower parts of the specimen). The
determined ROI size was a cylindrical region with 700
voxels in diameter and 500 voxels in height. To
reduce the noise and weaken its negative influence on
the quantitative analysis of images, the images were
filtered by median filtration, which can remove the
noise and retain the edges of the pores and matrix
(Bianchi et al. 2018; Wang et al. 2019).

Due to the presence of a partial volume effect
(i.e., the gray value of a voxel is selected to be the
mean gray value when the voxel includes both the
pore and matrix) and the 100 um resolution of the 3D
images, the pores with pore diameters greater than
100 um could be distinguished in this study (Fan et al.
2020; Kido et al. 2020). This resolution can
quantitatively investigate macropores with
diameters > 100 um (Dragila 2005; Jarvis 2020). To
separate the soil matrix and pores, the grayscale
images were binarized into macropores and matrix
using both threshold segmentation and fast watershed
segmentation. The unique threshold cannot be
accurately selected, resulting in insufficient
segmentation or oversegmentation of macropores due
to blurred edges and partial volume effects (Videla et
al. 2006; Li et al. 2019). The fast watershed
segmentation technique is a  mathematical
morphological algorithm that has excellent sensitivity
to weak edges and resists interference of image noise.
Fast watershed segmentation is an effective remedial
method to alleviate the insufficient segmentation or
oversegmentation of images. Finally, the
reconstruction and visualization of the 3D structure
model of the pores and matrix were obtained using a
fast watershed algorithm based on the binary images
(Fig. 4). Fig. 5 shows the volume of cumulative soil
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loss measured by direct weighing and image
processing. The volume of cumulative soil loss
measured by image processing (i.e., the change in
pore volume measured by image processing) agrees
well with the actual volume of cumulative soil loss,
suggesting that the proposed image processing
approach can reflect the change in macropore
structure during the seepage erosion process in this
study.

The PNM can accurately characterize the
connected pore structure and morphological
properties, which is a suitable and essential
supplementary means for studying the permeability of
soil. It has been widely employed in geotechnical
engineering, petroleum and natural gas engineering
(Simms and Yanful 2005; Gharedaghloo et al. 2018;
Hu et al. 2020; Daneshian et al. 2021). The PNM
consists of two distinct elements, namely, pores and
throats, corresponding to the larger soil-connected
pores and the narrow sections that control the fluid
flow between the pores, respectively. The PNM is
established by the following steps. (1) The
connectivity analysis is first conducted according to
the binary image, and the connected pores of the
specimen are identified and extracted. (2) The pores
are labeled and separated, and the pore distances are
calculated. (3) The skeleton of the PNM is extracted,
and the pores and pore throats are separated and
marked.

2.5 Quantitative measures of macropore
structure

Quantitative measures of the macropore
structure characteristics, including macroporosity,
connectivity, surface area of macropores, fractal
dimension and shape factor, were obtained by the
computation module in AVIZO. The definitions and
explanations of macropore characteristics are shown
in Table 2. Connectivity is an important indicator in
the analysis of the spatial morphology of soil
macropores. It can be evaluated using the connected
ratio C and coordinate number Cy. All macropores are
connected pores if C equals 1, and no percolating
macropores (connected pores) exist if C equals 0. The
fractal dimension Dg and dip angle can reflect the
heterogeneity of the macropore spatial distribution. A
larger fractal dimension indicates a more complex
macropore structure. The dip angle distribution
intuitively shows the macropore development trend.
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Fig. 4 3D digital model. (a) 3D data volume rendering of specimen; (b) Soil matrix model; (c) Pore model; (d)

Separation of the pore model

7

® Volume measured by weighing
B Volume measured by image processing

Volume of cumulative soil loss (%)
—_ 8] w E W (=)}
1 1 1 1 1 1

=
1
.

Scan ID

Fig. 5 Volume of cumulative soil loss measured by
weighting and image processing.

Finally, the PSD is one of the essential characteristics
of the soil macropore structure that significantly
affects the hydraulic and mechanical properties (Zhao
et al. 2017; Guo and Cui 2020).

3 Results and Discussions

3.1 Development of the erosion process

Fig. 6 shows the grayscale image and binary
image of the vertical section of a specimen. The
spatial distribution of the macropores in the specimen
is heterogeneous. This is attributed to the
inhomogeneous distribution of coarse grains, which is
inevitable during specimen preparation. Due to the
minor loss of fine particles during the saturation
phase, the bottom of the specimen has many
macropores with larger diameters. The edge of the
specimen has a denser pore distribution than its
interior as a result of the boundary effect. The soil at
the interface has a different pore structure than the
interior of the soil and usually has a higher porosity
(Kim et al. 2019). Note that the initial macroporosity
(Scan 1) of the specimen is approximately 10%, which
is far less than its actual porosity (approximately
30%). This is in agreement with the existing research
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Table 2 Parameters and definitions/explanations of the macropore

Explanations

Vp and V are the pore volume and the total
volume of image, respectively (mm?2)

Vc and V are the connected pore volume and
the total volume of image

Vc and Vr are the connected pore volume and
the total pore volume

s is side length of the cubic box, N (s) is the
smallest number of cubic boxes that can
cover the point (pores in this case)

Ajsp is the surface area of pore (mm?2), V3p is
the volume of pore (mm?2)

Lz is the actual path length of fluid flow, Lo is
the linear length between start and end point
of sample

Where (xi;, yi, zi) and (xj, yj, z) are the

Parameter  Symbol Formula
; %

Porosity n P/ v
Connected Ve
porosity e /
Connected Ve
ratio ¢ / Vr
Fractal D . log N(s)
dimension d s-0log(1/s)
Shape factor SF AgD/

P 36mV2,
Tortuosity T L T/ Lo

sin~! [
Dip angle [ 5 5 5
J(xi —x)2+ i —y)? + (zi — z)

Coordinate C :
number N

Fig. 6 Vertical cross-section of (a) original image and
(b) binary image.

results (Buczko et al. 2006; Cheik et al. 2019). Due to
the limits of sample size, detector resolution and step
size of CT scanning, mesopores and micropores
cannot be detected, and consequently, the porosity
obtained by image recognition is usually less than the
actual value. According to previous studies, however,
a pore >80 um in diameter is defined as a macropore,
and macropores control the water content movement
in soil (Dragila 2005; Zhou et al. 2018; Budhathoki et
al. 2022). The mesopores and micropores contribute
insignificantly to the soil permeability (Lin et al. 1995;
Wang et al. 2019). Therefore, the distribution and
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coordinates of the start and end points of
pore long axis

The number of branches connected with the
pore

evolution of macropores can reflect the changes in the
soil pore structure and is highly pertinent in this
study.

The 3D reconstructed macropore structure and
the variation in porosity and hydraulic conductivity
are shown in Fig. 7. There is little variation in
macroporosity between Scans 1 and 2, and no
noticeable erosion is observed. The hydraulic
conductivity of the specimen increases slightly. With
the development of seepage erosion, the pore
structure changes appreciably in Scans 3 and 4, and
some small pores merge into large pores. The porosity
and hydraulic conductivity increase significantly, and
these parameters are clearly positively correlated. As
demonstrated by the vertical and horizontal sections
of the specimen (Figs. 8 and 9), the macropores at the
bottom of the specimen increase slightly in Scan 2
compared with Scan 1, but no noticeable soil mass
loss or erosion is observed inside the specimen. In
Scans 3 and 4, the seepage erosion in the entire
specimen continuously develops in the vertical
direction and is most obvious at the edge of the
specimen. The erosion starts from the edge of the
specimen and develops nonuniformly from the
bottom to the top of the specimen. In Scan 3, the
pores at the center of the specimen change less, and
the large pores are concentrated at the sidewall of the
specimen, particularly at the lower part of the
specimen. This is probably attributed to the fact that
the soil-structure interface is the preferential seepage
channel in the soil mass, and the pore structure of the
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Fig. 7 Three-dimensional total pore structure model of
the four successive scans and corresponding
macroporosity and hydraulic conductivity.

soil at the interface is usually looser. It sustains a
higher hydraulic shear stress and thus is more
susceptible to erosion (Kim et al. 2019; Huang et al.
2021). In Scan 4, the erosion process is more intense,
and soil erosion develops randomly in the vertical or
horizontal direction. The middle part of the specimen
shows more obvious and more dispersed soil mass
loss than its upper part. The lower part of the
specimen shows more extensive soil erosion, and
large pores gradually spread at the bottom of the
specimen. The development of seepage erosion
significantly changes the soil pore structure and is
spatially (vertically and horizontally) heterogeneous
and asynchronous.

J. Mt. Sci. (2023) 20(11): 3402-3422

Previous macroscopic experimental studies
concluded that the evolution of seepage erosion is not
continuous but exhibits the repetition of suffusion
and clogging (Bendahmane et al. 2008; Ke and
Takahashi 2014). It is difficult to perform dynamic CT
scanning during the tests. Moreover, the process of
erosion and clogging of the mesopores and
micropores cannot be detected due to the limitation of
CT scanning resolution in this study, and it is
consequently impracticable to quantitatively analyze
these pores. However, this can be demonstrated
visually by an analysis of CT images. Fig. 10 shows the
change in macropore structure during seepage
erosion. The macropore structure changes less when
the hydraulic gradient is low. The original pores
gradually expand and interconnect, and new pores are
constantly generated in the specimen with the
migration of soil particles during the test. The seepage
channel subsequently enlarges, which is attributed to
the process of suffusion. Due to the small size of some
seepage channels, fine particles cannot pass through
and deposit in them. The clogging is subsequently
triggered, and some pores gradually decrease or even
disappear during the test. In particular, the
macroporosity decreases at the local position of the
specimen, which also indicates the occurrence of
clogging (Fig. 11). The location of suffusion and
clogging is constantly changing, which depends on the
distribution of coarse grains and the change in
hydraulic conditions.

3.2 Quantitative measures of seepage erosion
effects on macropore structure
characteristics

3.2.1 Change in macroporosity distribution

To quantitatively investigate the influence of
seepage erosion on the soil pore structure, the
specimen macroporosity in four scans and the way
macroporosity variation changes with height are
shown in Fig. 11. The macroporosity is calculated by
the average of the region with a height of 10 voxels.
The macroporosity of the specimen in Scan 1 shows
irregular fluctuation as the height changes, which is
the result of the heterogeneity of the soil in the
specimen. Drastic fluctuations in macroporosity are
observed at the interface of the moist compacted soil
layer (i.e., 50 mm and 100 mm). This indicates that
the moist tamping method cannot produce completely
uniform specimens and that the interface of the soil
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layer  suffers  overcompaction or

undercompaction (David Suits et al.
2003). The top and bottom of the
specimen have higher macroporosity
than its middle part, probably because
some of the fine particles at the bottom
are lost and the fine particles at the top
settle downward under the effect of
gravity in the saturation phase.
According to a comparison regarding
macroporosity between Scan 1 and Scan
2, there is no significant variation in
overall macroporosity between the two,
and no clear erosion occurs (Fig. 7), but a
slight change in macroporosity is still

observed in the vertical direction. The
macroporosity of the upper and lower
parts of the specimen slightly increases
because a small amount of particles
migrate downward under the seepage
force. With the continuous development
of seepage erosion, the macroporosity of
both Scans 3 and 4 increases markedly
over the entire height of the specimen.
The macroporosity of the lower and
middle parts of the specimen is far
greater than that of the upper part,
particularly in Scan 4. The macroporosity
changes relatively uniformly between
Scan 3 and Scan 2, while the
macroporosity variation between Scan 4
and Scan 3 is mostly seen in the middle
part of the specimen, and the lower part changes less
(Fig. 11b). The main reason is that many of the fine
particles in the lower part of the specimen are lost in
the early stage of the test, and the content of fine
particles susceptible to erosion decreases, while the
middle part still has a high content of fine particles
susceptible to erosion.

3.2.2 Macropore characteristics

Fig. 12 shows the measured characteristic
parameters of macropores of the upper, middle and
lower parts of the specimen and the average of the
entire specimen in four scans. The parameters of
different parts change differently because of the
differences in soil structure and spatial position. The
macroporosity and connected macroporosity of the
specimen are the smallest in its middle part and the
largest in its lower part. This is attributed to some of
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Fig. 9 Horizontal sections of the different height position of specimen
with four scans. h is the height above base.

the fine particles in the upper part of the specimen
moving downward to the middle part, and the loose
soil particles in the lower part are lost during
saturation. The macroporosity of each part of the
specimen increases overall as a result of the
continuous development of seepage erosion during
the test. The macroporosity variation of each part is
less between Scan 1 and Scan 2 and then increases
significantly in subsequent scans (Scans 3 and 4). The
upper part of the specimen has less variation in
macroporosity. The connected macroporosity
develops in a similar trend, except that the connected
macroporosity increases relatively evidently in Scan 1
and Scan 2 in the middle part of the specimen.

The connected ratio of the lower part is
significantly higher than that of the upper and middle
parts. In Scan 1 and Scan 2, the connected ratio
increases in the middle part of the specimen but
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Fig. 10 Vertical cross-section of change of pore
structure. Red macropores represent newly generated
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pores. White macropores represent unchanged pores
between two scans.
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Fig. 11 Vertical profiles of (a) macroporosity and (b)
increment of macroporosity of the four scans.

remains largely the same in the other parts. This is the
reason that the hydraulic conductivity increases with
the same macroporosity between Scans 1 and 2. The
permeability of soil mainly depends on its connected
pores (Wang et al. 2021a; Zhou and Li 2021). The
middle part of the specimen has the least-connected
macroporosity and plays a decisive role in water
movement inside the soil. Therefore, as the connected
ratio of the middle part of the specimen increases, the
seepage channels increase, and thus, the permeability
increases. In Scans 3 and 4, the connected ratio of the
upper part of the specimen changes less, while the
connected ratio of the middle and lower parts
increases gradually. This is consistent with the change
in the macroporosity of the specimen. This indicates
that seepage erosion significantly affects the internal
connectivity of soil. With the continuous migration
and loss of fine particles resulting from the seepage
force, the macropore structure of the soil
subsequently changes. The pore size increases, the
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pores become interconnected to provide preferential
seepage channels, and the connectivity of the
specimen increases accordingly.

The fractal dimension of each part of the
specimen and the average fractal dimension of the
entire specimen increase during the test. This is
consistent with the conclusions of Peyton et al. (1994)
and Shi et al. (2018), which indicated that there is a
strong positive correlation between the fractal
dimension of macropores and the macroporosity.
Moreover, Dq can characterize the complexity and
heterogeneity of the macropore structure. With the
development of seepage erosion, there are clearly
more macropores near the sidewall of the specimen
than inside the specimen, and the macropores of the
specimen are significantly nonuniformly distributed
spatially (Figs. 8 and 9).

Compared with the upper and middle parts, the
lower part of the specimen has a smaller specific
surface area and higher average macropore diameter.
The specific surface area of the specimen in Scan 2
changes slightly to that in Scan 1 and then decreases
rapidly in Scan 3 and Scam 4, and the average
macropore diameter of the specimen increases
sharply after slight fluctuations. This is attributed to
the pore diameter and specific surface area of porous
media being generally negatively correlated. In
addition, no clear development trend of the tortuosity
of any part of the specimen is observed (Fig. 12). As
seepage erosion develops, the pore shape factor of the
upper and middle parts of the specimen gradually
decreases, while that of the lower part slightly
decreases in Scan 2 and then quickly increases (Scans
3 and 4). A possible explanation is that the lower part
of the specimen has a higher degree of erosion, and
the pores are interconnected to become columnar or
bifurcated seepage channels that significantly change
the shape of the macropores.

Fig. 13 shows the pore dip angle distribution
during the seepage test. The dip angle is defined as
the orientation of the pore long axis with respect to
the horizontal plane, and it is the most direct
parameter that reflects the pore orientation. In Scan 1,
the macropores with dip angles of 5°~10° account for
the highest percentage of the total number of
macropores, which is approximately 20.3%. The
macropores with dip angles of 0°~45° account for
92.5% of the total number of macropores, while the
macropores with dip angles of 45°~90° account for
only 7.5%. This result indicates that the pore
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orientation in the specimen is clearly anisotropic and
that horizontal pores are dominant in the specimen. A
possible reason for this distribution is the directional
alignment of coarse particles during specimen
preparation. The long axis of a coarse grain is mostly
nearly horizontal under the effect of compaction,
resulting in the small dip angle of the macropores
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between grains (< 45°). With the process of seepage
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with a < 45° dip angle gradually decreases, while that
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Fig. 14 Visualization of pore size distribution (PSD) in four scans.

and the macropores developing and merging along
the vertical direction, resulting in a gradual increase
in the pore dip angle. This also indicates that seepage
erosion has a directional impact on pore
development. The connectivity along the seepage
direction in the soil will increase significantly, i.e., the
formation of preferential seepage channels.

3.2.3 Pore size distribution (PSD)

Fig. 14 shows a visualization of the PSD of all the
macropores in four scans, which indicates that the
macropore size is significantly heterogeneous. There
are fewer large macropores before the beginning of
seepage erosion (Fig. 14a). With the progression of
seepage erosion, the macropore distribution gradually
changes. The pore size gradually increases, and the
number of large macropores The
quantitative distribution and volume distribution of
the equivalent pore size of each part of the specimen
are shown in Figs. 15 and 16, which indicate the
change in the macropores of the specimen during the
seepage erosion test. The equivalent pore size
quantitative distribution is unimodal. The macropores
with 0.5—1 mm equivalent pore diameters account for
the highest percentage of the total number of pores,

increases.

which is 30.5%~34%. The macropores with < 2 mm
pore diameters account for 80.1%~85.9% of the total
number of pores, which proves that most macropores
of the specimen are within this range of equivalent
pore diameters. As seepage erosion develops (Scans
1~4), the average pore quantitative distribution of the
entire specimen shows no clear variation trend (Fig.
15a). This is possibly attributed to different parts of
the specimen having different distributions of initial
pore size, and seepage erosion developing
nonuniformly between different parts of the
specimen. In the early stage of the seepage test (Scans
1 and 2), the number of small macropores (diameter <
1 mm) in each part of the specimen increases, while
the number and percentage of macropores with > 1
mm diameter both decrease to a certain extent. The
macropores with diameters of 1~2 mm change the
most obviously and are reduced by 2%. The reason is
that the initial pore structure of the specimen has a
high level of randomness during the saturation stage.
Under the effect of seepage force, migration and
clogging of some fine particles in the specimen are
triggered, and some large pores are gradually filled or
divided into small pores. With the process of seepage
erosion (Scans 2~4), the number of small macropores
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(diameter < 1 mm) decreases while the number of severe.

large macropores gradually increases. The quantity The average pore volume distribution of the
percentage of macropores with diameters > 2 mm entire specimen is similar to a normal distribution
increases the most significantly because the seepage (Fig. 16). The macropores with < 1 mm diameter
erosion of the lower part of the specimen is most account for the majority of all macropores, but their
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volume percentage is very low. In comparison, the
large macropores develop an opposite trend. In the
initial macropore structure (Scan 1), macropores with
diameters of 3—4 mm account for the highest volume
percentage, which is approximately 22%. With the
evolution of seepage erosion, the volume percentage
of macropores with diameters of 0—4 mm gradually
decreases, while that of pores with diameters > 4 mm
gradually increases. At the end of the test, the volume
percentage of the > 4 mm macropores is 64.5%, which
is 1.5 times the value at the beginning of the test. The
pore volume distribution of the upper and middle
parts of the specimen shows a similar evolution trend
to the average of that of the entire specimen, while the
change in the pore volume distribution of the lower
part of the specimen is slightly different. The loss of
fine particles in the lower part of the specimen is
serious, and thus, the pores merge into larger pores
easily. The volume percentage of macropores with a
diameter of 4—5 mm decreases with the seepage
erosion process, and that of macropores > 5 mm in
diameter increases significantly. The percentage of
macropores of the upper part of the specimen with a
diameter greater than 6 mm is approximately 10.7%
at the end of the test, which is significantly lower than
that of the middle and lower parts of the specimen.
This might be due to the heterogeneity of the soil
structure of the specimen and the relatively lower
extent of erosion in the upper part of the specimen.

To conduct a more in-depth and detailed
investigation and understanding of the pore
distribution conditions during seepage erosion,
several parameters were extracted and employed to
characterize the change in the pore distribution
according to the PSD curve (Fig. 17). The coefficient of
nonuniformity (Cp.) and coefficient of curvature (Cpc)
of PSD are defined similar to C, and C. of GSD, which
can describe properties of pore distribution. A larger
value of Cpu indicates a more nonuniform distribution
of pore size in the soil and a wider range of PSD. Cpc
reflects the continuity of PSD, which increases with
the increase in large pores.

C.. = dpeo
pu —
dpio
D2 (1)
C. = (dp30)
PC T dpeoxd
p60Xdp10

where dpo, dpso and dpso are the pore sizes
corresponding to 10%, 30%, and 60% of the pores by
volume, respectively.

Soils composed of grains and pores with different
sizes exhibit fractal characteristics, and numerous
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fractal dimensions have been proposed to describe the
distribution characteristics of grain and pore sizes.
The pore fractal dimension (D)) is a statistical fractal
dimension that is suitable and convenient for
characterizing the entire pore distribution properties
(Zhou et al. 2016; Feng et al. 2020). D, can reflect the
relationship between the microstructure
characteristics of soil and macroparameters such as
the GSD, permeability, and density. The fractal
relationship of the PSD can be expressed by

V(<) r \3Dp

=) 2
where V(< r) is the cumulative volume of pores with
sizes smaller than a certain size r, Vr is the total
volume of the specimen, r is the given comparative
pore size, and rmax is the maximum pore size of the
sample.

100 .
Scan 1
Scan 2

o 804 Scan 3

N

=~ Scan 4

[

)

8

5 60

2

Q

=%

o

Z 40

=

=

g

=]

O 204

O I
0.1 1 10

Pore size (mm)

Fig. 17 Curves of pore size distribution in four scans

Hence, the value of the pore fractal dimension
can be calculated as follows:

D =3— In(V(<r)/VT) (3)

P In(r/Timax)

The pore fractal dimensions and characteristic
pore sizes of different scans are shown in Table 3. The
pore fractal dimension has an obvious negative
correlation with the coefficient of nonuniformity,
suggesting that D, can be used to characterize the
PSD in this study. When the hydraulic gradient is low
(Scan 1 to Scan 2), the characteristic pore sizes show
slight variations, and dp:o and dpso slightly decrease
while dpso increases. Moreover, Cp. increases from
2.40 to 2.53, and D, decreases from 2.624 to 2.612,
indicating an increase in both small sized and large
sized pores in the soil and a more uneven distribution
of pores. With increasing hydraulic gradient (Scan 2
to Scan 4), the fine particles are gradually lost, and
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Table 3 Properties of macropore distribution in the four scans

Hydraulic gradient dpio (mm)
Scan 1 0.0 1.80 2.95
Scan2  0.82 1.73 2.93
Scan 3 1.41 2.01 3.36
Scan4 1.80 2.24 3.74

the overall pore size increases. Cpu decreases from
2.53 to 2.32, and C,c and D, gradually increases from
1.13 and 2.612 to 1.20 and 2.632, respectively. This
indicates that the range of pore sizes narrows and that
the PSD becomes more uniform and continuous with
the development of seepage erosion.

Based on Fig. 18, D, has a significant quadratic
relationship with the hydraulic gradient. This is
because the seepage erosion process is a dynamic
process in which fine particle migration and clogging
continuously alter the soil. According to the change in
PSD distribution and macroscopic phenomenon
during the seepage erosion test (Fig. 7 and Fig. 18),
the evolution of macropore structure can be divided
into two stages:

Initiation phase (corresponding to Scan 1 to Scan
2, i = 0~0.8): when the hydraulic gradient is lower
than the critical hydraulic gradient, a small amount of
loose soil particles around the macropores are more
vulnerable to migration, resulting in an increase in
the volume of the large pores; meanwhile, these
migrating particles are prone to deposition and
clogging in the seepage channel due to the lower
seepage force, which causes some pores to split into
smaller pores, and the pore distribution tends to be
more nonuniform. In this phase, the rearrangement
of soil particles mainly occurs inside the soil without
significant erosion loss, and the soil microstructure is

Initiation phase Erosion phase

2.635

m  Pore fractal dimension
Volume of cumulative soil loss

2.629

2.623
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2.611 4

2.605 +——¢ T T T T T T
0.0 0.4 0.8 1.2 1.6 2.0

Hydraulic gradient

Fig. 18 Variations in D, and cumulative soil loss with
hydraulic gradient.

3416

dp30 (mm)

dp5o (mm) dp60 (mm) Cpu Cpc Dp

3.85 4.32 2.40 112 2.624
3.88 4.38 2.53 113 2.612
4.37 4.84 2.41 1.16 2.621
4.74 5.21 2.32 120 2.632

not damaged substantially. The values of the
characteristic pore sizes show slight fluctuations. Cpu
increases and D, decreases with increasing hydraulic
gradient.

Erosion phase (corresponding to Scan 2 to Scan
4,1 = 0.8~1.8): all characteristic pore sizes as well as
D, increases significantly, but Cy. decreases. This is
because fine particle migration is dominant in this
phase, and the loss of fine particles increases
gradually with increasing hydraulic gradient. Small
pores rapidly expand or merge into large pores,
leading to a decrease in the unevenness of the PSD.

3.2.4 Characterization of connected

macropores

The pores in the soil consist of independent
pores and connected pores. Connected pores are the
actual transmission channels of water in soil, which
control the permeability of the soil. Therefore, it is
essential to investigate the properties of connected
pores. The PNM can accurately determine the size
and spatial distribution of connected pores and can
better extract the characteristics of connected pore
structures (Gharedaghloo et al. 2018; He et al. 2020).
The pore size characteristics of connected pores
comprise the connected pore radius, throat length,
throat radius and coordination number, which is
intuitive and convenient for obtaining the
connectivity and connected pore space structure of
the specimen. Fig. 19 shows the PNM of the specimen
in four scans. The pores and throats are characterized
by a ball-and-stick model, in which the spheres
represent the pores and the cylinder represents the
throats. The size and position of a sphere and cylinder
reflect the size and position of an actual pore and
throat, respectively. Fig. 19 indicates that the PNM is
inhomogeneous even before the seepage erosion test
(Fig. 19a). Some large pores are distributed in the
periphery of the specimen, suggesting the presence of
a potentially preferential seepage channel. During the
seepage test, the PNM structure shows a gradual local
change. The sizes of the pores and throats increase
slowly, resulting in the development of preferential
seepage channels (Fig. 19c¢). With the development of



seepage erosion, the preferential seepage channel
gradually extends and forms the concentrated erosion
zone (Fig. 19d).

Fig. 20 shows the quantitative statistics of the
PNM, including the connected pore radius, throat
radius and throat length. The pore radius distribution
is unimodal with a peak value of 1 mm. With the
process of seepage erosion, the variation trend of the
connected pore radius distribution is similar to that of
the total PSD. The peak value of the distribution of
the throat radius and length appeared at 0.5 mm for
throat radius and 5 mm for throat length. The
quantity percentage of throats with throat radii > 1.5
mm to all total throats increases, and the percentage
of throats with throat radii < 0.5 mm decreases during
the seepage erosion process, resulting in a decrease in
flow resistance and an increase in soil permeability
(Fig. 7). The throat length is mainly distributed in the
range of 2.5~10 mm, and the number of throats
included in this range accounts for 88.5~91.2% of all
throats (Fig. 20c). When the throat length ranges
from 5-10 mm, the proportion of throats gradually
increases with the development of seepage erosion.

The pontentially perferiential

Connected pore

The perferiential seepage
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The coordination number is one of the essential
parameters that represent the connectivity of the soil
pore structure. Usually, a greater coordination
number entails better connectivity. Fig. 21 shows the
coordination number of each part of the specimen
and the average coordination number of the entire
specimen. The pores with a coordination number of
< 5 account for 85.1% of the total number of
macropores of the entire specimen (Fig. 21a). As
seepage erosion develops, the percentage of
macropores with a coordination number of < 5
gradually decreases, while that of macropores with a
coordination number of > 5 gradually increases. At
the end of the test, the percentage of macropores with
a coordination number of > 5 is 25%, which increases
by approximately 1.7 times. This proves that the
macropore structure of the specimen becomes more
complex as a result of seepage erosion. The seepage
channels increase during the test, the movement of
water is made easier, and the permeability
subsequently increases. The coordination number of
the middle and lower parts of the specimen and that
of the entire specimen change in essentially the same

The concentrated erosion .
Throat radius

radius [mm] seepage channel channel zone [mm]
20
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10
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direction
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Fig. 19 Visualization of the pore network model (PNM) in four scans.
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Fig. 21 Coordination number distribution in the four scans. (a) Average; (b) Top; (c) Middle; (d) Bottom.

trend. For the upper part of the specimen, the
coordination number distribution shows no
noticeable variation trend during the test except that
the macropores with a coordination number > 7
increase at the end of the test (Scan 4). This proves
that the macropore structure of the upper part of the
specimen changes less and is less affected by seepage
erosion.

Notably, the macropores quantitatively analyzed
in this study are only a part of the overall pore of the
soil. To quantitatively analyze smaller pores in soil,
smaller samples or higher-resolution CT equipment is
necessary to obtain higher-resolution images.
However, a more representative sample size was
employed in this study considering the soil structure
and seepage conditions, and the decrease in the
sample size may have an impact on the soil structure.
In addition, high-resolution CT scanning equipment
is still rare, and scanning and image processing
require considerable time and high costs (Schliiter et
al. 2014; Zhao et al. 2020). Therefore, further studies
on the combination of CT scanning with other test
methods (such as nuclear magnetic resonance) and
improvement of image processing methods are
needed to achieve quantitative analyses of pores with

3418

different pore sizes and enhance the accuracy of the
test results.

3.3 Relationship between permeability and
macropore structure characteristics

Macropores are the main flow channels of water
in soil, and their structure is the most critical factor
affecting the permeability of soil. Hence, it is essential
to investigate the relationship between macropore
structure characteristics and soil permeability. Fig. 22
shows the correlation analysis between the macropore
structure characteristics and soil permeability in this
study. The soil permeability is positively correlated
with macropores, connected macropores, fractal
dimension, coordination number and macropore size,
and the fitted correlation coefficients are all above
0.85. There is the highest positive correlation between
permeability and coordination number, indicating
that changes in connectivity have a significant effect
on soil permeability during the seepage erosion
process. Moreover, the correlations of soil
permeability with the specific surface area of
macropores and macropore size are also significantly
strong during the seepage erosion process. The soil
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Fig. 22 Correlation between soil permeability and macropore structure characteristics.

permeability is negatively correlated with the specific
surface area of macropores and positively correlated
with the macropore size. This is because the specific
surface area of macropores and macropore size
determine the resistance of water flow in the soil. The
decrease in the specific surface area of macropores
and the increase in macropore size lead to easier
transportation of water, suggesting an increase in
permeability.

3.4 Seepage erosion effects on soil

deformation

The results of CT scanning indicate that the
development of seepage erosion and its influence on
the changes in soil structure and pore distribution
show obvious heterogeneity, which is closely related
to spatial location. The extent of erosion is most
severe downstream of the seepage direction (i.e., the
lower part of the specimen), especially near the
seepage outlet. During the evolution of seepage
erosion, the macroporosity and connectivity of the soil
at the downstream part are higher, implying a lower
soil strength. The downstream part is more prone to

deformation and settlement due to seepage. Local
mechanical tests cannot be conducted on such
specimens, but the results can be verified by an
analysis of grayscale images using digital volume
correlation (DVC). The DVC method can obtain the
strain field and displacement field before and after
deformation with CT images and is widely applied in
material mechanics, biomechanics, and geotechnical
fields (Shi et al. 2021). A detailed description of the
DVC method can be found in Kak et al. (2002) and Li
et al. (2020). Based on Fig. 23, the deformation of the

bomomamomema - RN a

Fig. 23 Vertical cross-section of greyscale images and
strain field.
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specimen is  severely inhomogeneous and
inconsecutive. Obvious settlement and deformation of
the overall specimen are not observed. However, the
soil at the lower part of the specimen, especially near
the sidewall of the specimen, shows prominent
settlement. The maximum local strain can reach
0.38%. Hence, seepage-induced disasters, such as
dam cracking, bank slump and hydrodynamic
pressure landslides, are often triggered preferentially
at the downstream zone of seepage in engineering
practice.

4 Conclusions

In this study, the changes in macropore structure
and soil deformation during the seepage erosion test
are investigated with CT scanning. The influences of
seepage erosion on macropore characteristics are
quantitatively studied. The PNM of the specimen is
extracted, and the evolution of the connected pore
size characteristics is discussed. The following
conclusions are drawn based on the results:

1) The initial pore distribution inside the
specimen is heterogeneous due to microstructural
stratification induced by the moist tamping method
and the presence of the edge effect. The macropores
are more concentrated on the periphery than in the
center of the specimen.

2) The changes in macropore characteristics are
significantly influenced by seepage erosion. The
macroporosity, average macropore size, connectivity
and fractal dimension of the soil rapidly increase with
the development of seepage erosion. Moreover, the
macropore orientation gradually deviates toward the
seepage direction, and the connectivity of macropores
increases with seepage erosion, resulting in an
increase in permeability.

3) The PSD of the soil is unimodal. The
evolution of the PSD can be divided into an initiation
phase and an erosion phase. In the initiation phase,
the characteristic pore sizes fluctuate slightly, and the
pore distribution becomes more nonuniform with
increasing hydraulic gradient; in the erosion phase,
the small pores become larger and fuse into larger
pores due to the loss of fine particles, resulting in an
overall increase in pore size and a gradual uniformity
in PSD. The pore fractal dimension D, shows a
significant quadratic relationship with the hydraulic
gradient, indicating that it can better reflect the
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changes in soil microstructural characteristics. It is
helpful to accurately assess the erosion degree and the
evolution of the macropore structure of the localized
soil during the seepage erosion process.

4) The influence of seepage erosion on
macropore characteristics and soil deformation is
heterogeneous and closely dependent on the spatial
location of the soil. More precisely, the loss of fine
particles and change in macropore characteristics are
most significant downstream of seepage. The
pronounced heterogeneities of seepage erosion should
be considered in engineering practice, which
significantly changes the hydraulic and mechanical
properties of local soil and might affect the stability of
geotechnical engineering.
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