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Abstract

Due to the peculiarity of the spring domain strata in Jinan, the phenomenon of serious water seepage appears in the process
of excavation. The macro permeability of soil is closely correlated with its microstructure. In this study, using the X-ray
micro-tomography (micro-CT) system and a self-designed soil seepage device, the internal pore structure of Jinan red clay
and the water flow inside the sample under different seepage stages were observed. The microstructure of water phase and
air phase in the sample was segmented by the watershed algorithm. Calculation and comparison of pore and throat size
distributions and coordination number (CN) at different seepage stages were conducted by establishing pore network model
(PNM). Meanwhile, the seepage experiment simulations were conducted based on the 3D pore structure of red clay. The
results show that the preferentially flow of Jinan red clay is obvious due to the existence of the vertically developed macropore
channel. The fine particles (mainly silt particles) are washed away during seepage, thereby expanding the pore channels.
The maximum pore radius and pore connectivity have important influence on seepage characteristics of Jinan red clay, but
the correlation between porosity is small.
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Introduction

During the construction of Jinan rail transit, engineers have
encountered difficulties in excavation dewatering. Even with
the construction of waterproof curtain, the dewatering prob-
lem of the foundation pit was still not completely solved,
which brings great risks to the construction. At the con-
struction site, the water seepage is very likely to occur at the
bottom of the excavation, where many visible pore channels
exist. It is thus speculated that the long-term upward seepage
of groundwater leads to the existence of vertical seepage
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channels in the Jinan red clay stratum, and thus reveals a
strong vertical permeability.

Soil seepage is affected by many factors, including soil
particle size (Zhang et al. 2018; Liu et al. 2021) mineral
composition (Chen et al. 2022), soil pore structure (Luo
et al. 2010), dynamic viscosity of pore fluid (Nguyen et al.
2013) and hydromechanical conditions (Chang and Zhang
2013) Numerous studies conducted before has focused on
the seepage characteristics of clay (Miller and Low 1963;
Rolfe and Aylmore 1977; Huang and Laften 1996). Boyn-
ton and Daniel (1985) performed the permeability tests on
compacted clay to study the effects of hydraulic anisotropy,
diameter of test specimens, storage time, and desiccation
cracking. Liu and Birkholzer (2012) proposed a new rela-
tionship between water flux and hydraulic gradient to cap-
ture the non-Darcian flow behaviour of clay media.

Most of the mentioned studies on seepage characteristics
of clay are from macroscopic field. As a non-destructive 3D
reconstruction technology, X-ray micro-tomography (micro-
CT) has been widely used in geotechnical engineering in
recent years (Naveed et al. 2013; Taylor et al. 2015; Chen
et al. 2021; Lyu et al. 2021). Many studies using micro-CT
focus on the microscopic seepage characteristics of porous
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media, including observation of internal flow (Koestel and
Larsbo 2014; Nguyen et al. 2019) and pore-scale flow mod-
elling and simulation based on the micro-CT results (Wei
et al. 2019). However, most of the above studies are focused
on sand or rock, the study on microscopic seepage charac-
teristics of clay is still limited.

In this study, the seepage experiment combined with
X-ray micro-tomography was designed to obtain the micro-
pore structure of Jinan red clay and visualize the seepage
path of water. Meanwhile, the seepage experiment simula-
tions were conducted based on the 3D structure of Jinan red
clay. The hydraulic parameters that influence soil seepage
characteristics most and the reasons for the pressing ground-
water problem were identified. The reasons why Jinan red
clay has strong vertical permeability were analyzed, and the
scientific issues extended from the groundwater seepage
problem were also discussed.

Engineering background and geological
conditions

Jinan is a famous city in China also widely known as “Spring
City”. The Quaternary sedimentary layer in Jinan is mainly
composed of clay and silty clay, but shows high vertical
permeability. The hypsography of Jinan is southern high
and northern low-lying. The elevation of groundwater level
in the southern mountainous area is about 100-137 m,
which changes with atmospheric precipitation change. The
elevation of groundwater level in Jinan city is 25-30 m.
After atmospheric precipitation, surface water seeps into
the ground and flows spontaneously from south to north.
Figure 1 shows the schematic diagram of the formation of
Jinan spring group. The stratum in the northern part of Jinan
consists of Yanshanian intrusive rock, which is hard and
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Fig. 1 Formation of Jinan spring group
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impermeable. The groundwater is blocked here, converging
from horizontal movement to vertical upward movement. A
large amount of groundwater passes through karst fissures
and forms gushing springs.

The geological profile near the Peijiaying Metro Sta-
tion is shown in Fig. 2. The red line is the boundary line
between different soil layers, and the number represents the
stratigraphic sequence number. The soil layer of the site is
unevenly distributed, and the thickness of the filling layer is
about 0.5—4.3 m. Loess is locally distributed under the fill-
ing layer. The elevation from 25.92 to — 6.18 m is the Qua-
ternary silty clay and clay layer, which includes the typical
high permeability Jinan red clay layer. The elevation from
— 6.18 m to — 29.58 m is mainly gravel and silty clay con-
taining gravel. The underlying bedrock of the site consists
of diorite and limestone.

The stratums between permeable stratum and Ordovi-
cian limestone are mainly composed of high permeable
gravel layer and completely weathered diorite layer, due to
which the permeable stratum is directly recharged by the
underlying limestone fissure confined water. The underly-
ing Ordovician limestone layer 19 contains abundant karst
water, which is attributed as aquifer, resulting in a high
groundwater level, and the water inflow during the excava-
tion of Peijiaying Metro Station is significantly greater than
other areas. According to the field pumping test results, the
average permeability coefficient of 9, to 14, silty clay layer
is 1.42x107-1.41x 10~* m/s, with 5.3x 10~ m/s for 16
clay layer, and 4.02x 10#-4.67 x 10~* m/s for 17 gravel
layer and 18 diorite layer. The soil samples were obtained
from the typical permeable red clay stratum-layer 10
silty clay, which has the highest permeability coefficient
of 1.41 x 10™* m/s among all the clay and silty clay lay-
ers. Undisturbed samples were obtained using thin-walled
tube sampling with PVC pipes. These sharp-edged pipes
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Late Cambrian carbonatite

Early Cambrian carbonatite
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Fig.2 Stratum map of permeable foundation pit in Jinan

can avoid disturbance on the sample as much as possi-
ble for laboratory testing. The physical properties and the
mineral composition are determined by X-ray diffraction
(XRD) and is listed in Table 1. It is noted that Jinan red
clay has a higher organic carbon content (2% in average)
compared to silty clay with similar particle composition
(Koestel and Larsbo 2014; Larsbo et al. 2014), indicating
that there may be carbonized plant roots during the deposi-
tion process. Therefore, it can be inferred that the red clay
layer in Jinan has formed many vertically developed pores
under the action of long-term vertical seepage, and exists
macropore channels, resulting in the high permeability of
these layers of soil.

To verify the conjecture, the seepage experiment of Jinan
red clay was designed based on X-ray micro-tomography to

Table 1 Physical properties and mineral composition of Jinan red clay

obtain the micro-pore structure of Jinan red clay and observe
seepage path of water in the soil sample.

Testing procedure and technology
Testing procedure

Three red clay samples from different parts of intact soil
column are trimmed into a cylinder with diameter of 5 cm
and height of 10 cm (Fig. 3) followed by scanning of three
intact samples by micro-CT to obtain the pore characteris-
tics of Jinan red clay at different depths. The first micro-CT
scanning experiment for top sample (T1) has lower spatial
resolution to get a wider scanning field. The middle (M1)

Physical properties Mineral composition (%)
Natural density (g/ Initial void ratio Natural water con- Hydraulic conduc-  Organic carbon Quartz Illite Albite Montmorillonite
cm’) tent (w,/%) tivity content
(x107* m/s) (%)
1.99 0.701 25.40 1.41 12.18 424 402 168 0.6
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40cm

Fig. 3 Intact Jinan red clay column and the sample positions

and bottom (B1) samples were scanned with a higher spa-
tial resolution to observe the internal pore morphology of
red clay more distinctly, and the middle sample (M1) was
adopted in the seepage experiment.

Figure 4 shows the schematic figure and photo of seepage
experiment for Jinan red clay. The seepage apparatus made
of PMMA is designed as two parts, the main body and the
base, which are connected with each other through screw
threads. First, the sample is trimmed into a cylinder with
diameter of 5 cm and height of 10 cm. Then, the sample is
put into the PMMA container with silicone grease on each
side, and the main body and the base are screwed by threads.
The prepared gypsum liquid is dropped into the gap between
the sample and the side wall of the container to prevent water
from flowing up from the gap. Finally, two sealing hoops
are added at the bottom and top of the apparatus body to
ensure that the container is sealed. A channel is set up in
the base and connected with a plunger pump (GDS Instru-
ments Co., UK) for external water supply to simulate the
seepage of water from bottom to top in the soil. The seepage
apparatus is fixed on the rotation stage between the X-ray
source and the detector as shown in Fig. 5, which enables
the seepage apparatus to be rotated by plus or minus 180°
during scanning.

The whole seepage experiment based on micro-CT is
divided into three stages: (1) intact sample (M1); (2) Inter-
mediate stage of seepage experiment; (3) End stage of seep-
age experiment. The time of water flowing from the bottom
to the top of the sample is determined by a large number
of preliminary experiments, and the approximate time from
the water flow to the middle of the scanning range is esti-
mated. In this seepage experiment, a water supply pressure
of 10 kPa with a flow rate of 4.88x 10~'m?/s was provided
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Fig.4 a Schematic figure, and b apparatuses of the seepage experi-
ment

by a plunger pump (GDS Instruments Co., UK). Based on
the measured discharge flow rate (1.47 X 10~ "m%/s) and the
controlled hydraulic gradient (10), the permeability of Jinan
red clay can also be obtained as 7.51 x 107® m/s. The time
of water supply of the intermediate stage and end stage was
6 min and 35 min, respectively. The apparatus was moved

Fig.5 X-ray micro-tomography setup and seepage apparatus
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to the CT scanning room immediately after the water sup-
ply was finished. The water injected into the sample was
added with iohexol, a water-soluble X-ray contrast medium,
to make it easier to distinguish water and air in soil.

The micro-CT apparatus used in this study is the Zeiss
Xradia 520 Versa in Instrumental Analysis Center of Shang-
hai Jiao Tong University. The micro-CT system was oper-
ated at a voltage of 140 kV and a current of 71.6 uA and the
X-ray power was 10 W during the scanning process. The
partial CT scan with cylinder scanning field of a diameter
of 2.5 cm and a height of 2.5 cm in the middle of the sample
is used to avoid the boundary effects. The specification of
the X-ray CT system and the parameters used in this study
are shown in Table 2.

Image analysis
Figure 6 illustrates the image processing procedure on a

horizontal slice of the intact sample. The 16-bit slices of

Table 2 Specification of the X-ray CT system

X-ray source

Maximum voltage 160 kV

Minimum voltage 30kV

Maximum current 1 mA

Maximum spatial resolution 700 nm
Image intensifier

Size of detector 9 inches

CCD pixel size 20,482

CT image

T1:48.82%x49.3
M1: 25.02%x24.6
B1:26.12x26.3
T1:2

M1:3.5

B1:3.5

Partial scan

Voxel size (um)

Exposure time (s)

Scanning method

CT images are first converted into 8-bit gray-scale images
by software Image J followed by application of a 3D median
filter to remove the random noise. Following this process,
the filtered image is segmented by “Moments” automatic
threshold method in Image J. After that, the raw CT image
is converted into filtered binary image shown in Fig. 6d. For
the sample after water penetration, the air phase and water
phase of Jinan clay were segmented by a region-based water-
shed algorithm (Thermo Scientific Avizo SoftwareUser's
Guide 2015).

Validation of watershed segmentation method

The watershed segmentation method has been used in many
researches (Wang et al. 2019; Zhou and Xiao 2019; Yu et al.
2020). To verify the effectiveness and accuracy of water-
shed segmentation method, an experiment is first carried out
based on micro-CT in this study.

The red clay sample was trimmed into a cube with the
size of 3.8 cm % 3.8 cm X 4.2 cm (length X width X height). A
hole was drilled from the top surface of the sample, which
filled with a PMMA (Polymethylmethacrylate) tube, The
PMMA tube was filled with a certain height of water, as
shown in Fig. 7. Then, the sample was scanned by micro-
CT to visualize the air, water and soil particles in red clay.

Figure 8 shows the results of typical horizontal section
of the sample. Water, PMMA tube and the air are depicted

PMMA

|, tube
Air

Water!

Horizontal
. —_
section

Red clay

Fig.7 Schematic diagram of the sample

Fig. 6 Illustration of image processing procedure on a horizontal slice of the sample before seepage experiment: a Raw picture, b After applying
3D median filter, ¢ During threshold segmentation, and d Final segmented image

@ Springer
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Fig.8 Typical horizontal cross section of the sample

in different color due to different density. The boundaries
between the water and the PMMA tube, PMMA tube and
air are distinguishable. Therefore, the watershed segmenta-
tion method of segmenting water, soil and pores is applica-
ble. Based on the seed markers and the gradient image, the
watershed expansion of the seed markers towards boundary
is completed, and the air phase and water phase in soil are
successfully segmented and extracted, as shown in Fig. 9.
The effectiveness of the watershed segmentation is validated.

Fig.9 Three-dimensional
structure of air and water in the
sample

Pore in clay

@ Springer

Air above water

Results and discussion
Pore structure of intact Jinan red clay

The 3D pore space and soil matrix of intact Jinan red clay
sample at different depths were reconstructed and segmented
via stacking 1020 binary images using the image process-
ing software, Avizo (FEI Co., USA). The pore structure of
intact Jinan red clay sample at different depths are shown in
Fig. 10. It should be noted that the sample T1 has a wider
scanning field with lower spatial resolution, thus the pore
structure looks smaller than that of the other two samples. It
is noticed that the pore structure of Jinan red clay at different
depths mainly developed vertically with good connectivity.
There are vertical pore channels with large pore diameter in
all three samples.

Comparison between different stages of seepage
experiment with CT scanning

The density of objects is linearly related to the CT value.
In CT images, regions of higher density are indicated by
lighter color, such as white or light gray, while the lower
density regions are denoted by dark color, such as black.
The clay particles appear as light gray and the pores filled
with water and unfilled pores appear as light black and black,
respectively.

Figure 11a—c shows the vertical slices of 3D recon-
struction of the sample under three stages. The difference
between Fig. 11a, b is caused by the deviation of the scan-
ning area. At the end of each soil scanning stage, the soil
sample needs to be taken out of the scanning chamber for
the seepage test, and then the next scanning stage is carried
out. This resulted in a deviation of about 2% between the

Water phase
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Fig. 10 Pore structure of intact Jinan red clay sample
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Fig. 11 Vertical slices in the YZ plane of 3D reconstruction of the sample under different seepage stages: a intact sample, b intermediate stage

of seepage experiment, and ¢ end stage of seepage experiment

scanned areas of the first and second stages. However, it is
still possible to perform a comparative analysis of the dif-
ferent seepage stages with some representative pore struc-
tures. In addition, the difference has little impact on the
preferential flow visualization and other issues concerned
in this study. It can be observed that there is a connected
pore channel in the left side of the sample in Fig. 11a. With
the progress of water supply, the water flowed along the

channel in the sample. The water flowed to the middle of the
seepage channel in the intermediate stage of seepage experi-
ment and completely passed through the seepage channel at
the end stage of seepage experiment, as shown in Fig. 11b,
c. The “Thickness Map” function in Avizo was applied in
the pore space of Jinan red clay under different seepage
stages (Fig. 12). Applying the Thickness Map algorithm on
a binary image gives a gray level image, where each voxel
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Fig. 12 Thickness of pore structure of the sample at different stages: a intact sample, b intermediate stage of seepage experiment, and ¢ end

stage of seepage experiment

2000

1800 | [T Pl
—e—p2

1600 - | s p3

1400 ;
1200 ;
1000 ;
800 l
600 ;

400 |-

Diameter of seepage channel (um)

200

Stage

Fig. 13 Diameter variation of seepage channel at different positions
under three stages

intensity represents the minimal distance in voxels from the
object boundary (Avizo Software 9 User’s Guide). Mean-
while, the diameter variation of the seepage channel at dif-
ferent positions under three stages were determined by the
“Measure” function in Avizo based on the 3D pore structure
(Fig. 13). Three points with different distances from the top
of the seepage channel were selected, including 2500 pm,
5000 pm, and 7500 pm. As can be seen, the thickness of
the macro-pore on the left was observed to increase with
the progress of seepage experiment, especially in the initial
stage of water supply. The result indicates that the seepage
channel expands during the seepage experiment.

@ Springer

The watershed segmentation was applied to separate and
extract air phase and water phase from the sample under
different seepage stages. Subsequently, a volume rendering
module was applied to observe the 3D structure of air and
water phase in soil (Fig. 14). It can be concluded that when
water flows through the clay, it will flow preferentially along
the existing connected pore channels of clay from the com-
parison between three stages, as shown in Figs. 11 and 14.

During the seepage experiment of Jinan red clay, some
soil particles were washed out from the pore channel with
the clay matrix stay intact, these particles were collected
carefully and dried using an oven. Then, the Laser particle
size analyser (LPSA) was used to obtain the composition of
these particles. The hydrodynamic dragging force was esti-
mated as 6.23 Pa based on the equation proposed by Reddi
et al. (2000):

AP [2K

=20 (M
n

K =k—
Yw 2)

where % is the pressure gradients, K is the absolute perme-
ability, n is the porosity of the soil sample, & is the hydraulic
conductivity, # is the viscosity of the fluid, y,, is the weight
of the fluid.

The comparison of grain size distribution is shown in
Fig. 15. It is known that the intact Jinan red clay is mainly
composed of 10% sand, 40% silt, and 50% clay. The soil
particles washed out by water are mainly fine particles,
including 80% silt particles and 20% clay particles, and
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Fig. 14 Three-dimensional structure of air and water in sample at different stages based on watershed segmentation algorithm: a intact sample
(Pore space), b intermediate stage of seepage experiment (Water), and ¢ end stage of seepage experiment (Water)

Sand Silt clay
110

100 |-

90
80 |-
70 |-

60 |
50 |
40|

30
20 |—®— Intact sample (M1)
—®— Washed out particles,
10 -

o) P Dol s i
1 0.1 75um

Percentage passing (%)

0.01 S5um 1E-3
Grain size (mm)

Fig. 15 Comparison of grain size distribution of intact Jinan red clay
and washed out particles

there are basically no sand particles. The seepage experi-
ments with different water supply pressures were conducted
on the T1 and M1 sample to check the authenticity of the
result. The pressures were increased from 20 to 40 kPa with
the estimated hydrodynamic dragging force as 12.46 Pa and
24.92 Pa, respectively.

Figure 16 shows the comparison of grain size distribution
of two intact samples and washed-out particles. With most
of the silt particles and a small portion of the clay particles
washed out, similar type of result was obtained. In addition,
in the process of seepage experiment, only particles were
found to be washed out by water from the seepage channels,
while no soil particles were washed out in other parts of the

soil body, implying that washed-out particles mainly come
from the pore walls, while the clay matrix stays intact.

The visualization results show that water flows prefer-
entially along the macro-pore channel which in the space
between the aggregates, resulting in the detachment of soil
particles. Hence, it can be concluded that water flow prefer-
entially along the existing connected pore channel of clay,
during which the fine particles are washed away, thereby
expanding the seepage channels. More discussion was pre-
sented in “Analysis of the micro-pore characteristics based
on the establishment of Pore Network Model (PNM)”.

Analysis of the micro-pore characteristics based
on the establishment of pore network model (PNM)

After the reconstruction of pore space, the Pore Network
Model (PNM) was established (Fig. 17), with air phase for
intact sample, air phase and water phase for samples at inter-
mediate stage and end stage of seepage experiment. In the
PNM, the algorithm divides the pore space into pore bodies
and pore throats, which are represented by red spheres and
grey sticks shown in Fig. 18, respectively. The true pore
sizes were represented by the radius of sphere r, (named
EqRadius in Avizo, calculated for spheres with the same
volume as an irregularly shaped pore body). The throats
were modelled as cylinders using the contact area between
two pore bodies, the stick thickness is the EqRadius of true
throats and the throat length is represented by the distance
between the pore centres along the direction of the pores. By
generating the PNM, important macroscopic transport prop-
erties, including capillary pressure, relative permeability and
residual saturation can be computed (Sakellariou et al. 2004;
Zhao et al. 2019). Calculation and analysis of pore and throat

@ Springer
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Fig. 16 Comparison of grain size distribution of intact Jinan red clay and washed out particles under different water supply pressures: a T1 sam-
ple, and b B1 sample

Fig. 17 Three-dimensional
structure of pore space: a raw
pore space structure and b pore
network model (PNM)

Fig. 18 Schematic diagram to
generate PNM
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size distributions at different seepage stages are conducted
in this study. From Fig. 17, it is clear to see that the pores
in intact Jinan red clay are mainly developed vertically and
most of them are connected, indicating the good permeabil-
ity of Jinan red clay in vertical direction. It can also be veri-
fied from the SEM image of Jinan red clay (Fig. 19), the soil
particles in the vertical section are arranged more closely
with less pores compared with the horizontal section.

Figure 20 shows the pore and throat size distributions
of Jinan red clay sample under three different stages of the
whole experiment. “Count” represents the quantity of the
pores and throats under a particular class. The results indi-
cate Jinan red clay is mainly composed of small pores with
pore EqRadius less than 100 pm. From the comparison of
pore and throat size distribution in the three stages, we can
illustrate that the number of pores and throats with large
EqRadius is increasing with the progress of seepage experi-
ment (Fig. 20a, c). In the stage 2 and stage 3, the pores with
EqRadiu larger than 200 pm increase by 11.5% and 18.9%
in number, and the throats with EqRadiu lager than 150 pm
increase by 44.1% and 110.3% in number, respectively,
which means the expansion of seepage channel. The dis-
tribution of throat length presented in Fig. 20b shows that
throats with length lager than 500 pm increase by 1.3% and
3.7% in number, respectively. The result indicates that the
distribution of pore throat length changes slightly during
seepage experiment. It can be attributed that the pore struc-
ture of the soil has not been damaged in the initial stage of
seepage, nor does it cause excessive migration of clay par-
ticles. This result is consistent with the comparison of grain
size distribution shown in Figs. 15 and 16.

It is worth noticing that the expansion of macropore
in Jinan clay is contrary to the results of the decrease of
macropore size of compacted granular mixtures (Alonso
etal. 2011) and silty loess (Zuo et al. 2020). The compacted
granular mixtures used in the Alonso’s study were obtained

Fig. 19 SEM image of Jinan red
clay: a horizontal section and b
vertical section

from Febex bentonite powder, which has over 90% mont-
morillonite content. So the aggregates in soil will expand
and occupy the macropores when subjected to water infil-
tration. However, the Jinan red clay has low aggregates
expanding potential, considering the low montmorillonite
content (0.6%). What’s more, based on the conceptual model
“Small Clay—Large Clay” proposed by Jefferson and Smal-
ley (1995), the Jinan red clay is classified as “Large Clay”.
At low clay contents (i.e., “Small Clay”), the soil behavior is
predominantly frictional and the short-range bonds between
quartz particles are produced. The short-range bonds, which
tend to dominate in collapsing soil systems, can easily
lose strength due to a slight deformation. Compared with
“Small Clay”, the “Large Clay” has larger strain stiffness and
strength due to the formation of long-range bonds (Ghadr
and Assadi-Langroudi 2018). So the clay matrix tends to
stay intact during the seepage experiment, instead of collaps-
ing, so that the particles clog the pore space. Only particles
on the pore wall were washed out, resulting the macropore
channel expands slightly. The conceptual model also veri-
fies the results of throat distribution among three seepage
stages. In the study conducted by Zuo, the detached fine
particles were also observed, but there was no further suf-
fusion occurred, so that the macropores were occupied by
detached particles.

Figure 21 shows the distribution of pore volume propor-
tion and throat surface area proportion of the sample under
three different stages of the whole experiment. The results
show that the proportion of pore volume and throat surface
area both increases for large pores (> 550 pm) and throats
(>450 pm). With the proportion of pore volume increases
from 13.75 to 18.65%, the proportion of throat surface area
increases from 8.21 to 19.44%. The increase of the propor-
tion of large pores and throats results in the decrease of
the proportion of small pores and throats. The results indi-
cate that when water flows in the red clay, the macropore
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Fig.20 Pore and throat size distributions of Jinan red clay under
three different stages of the whole experiment: a pore EqRadius dis-
tribution, b throat length distribution, and ¢ throat EqRadius distribu-
tion

channels have major influence on the seepage characteris-
tics of red clay, while the influence of small pores can be
ignored.

@ Springer

To analyse the pore connectivity of Jinan red clay, the
coordination number (CN), which is defined as the num-
ber the throats connected to a given pore is introduced. For
example, in Fig. 22, CN of pore 1 is three; pore 2: 2; pore 3
and 4: 1. The CN distribution with pore size of intact Jinan
red clay and CN distribution variations under different seep-
age stages are shown in Figs. 22 and 23. It is known that
the CN increase with the increasing pore EqRadius. Most
pores had CN of 0, which are considered as isolated pores.
With the progress of the seepage experiment, the total CN
increases slightly and the average CN and the frequency of
CN are basically unchanged, which also indicate the pore
structure of the soil has not been damaged during seepage.
The small pores are more likely with CN of 0, which are
considered as isolated pores, and the macropores more likely
have a good connectivity with greater CN. The results also
show that the great importance of macropore on the soil
seepage characteristics.

Three MIP experiments were also conducted on freeze-
dried Jinan red clay samples to verify the conclusion. The
PSD (Pore Size Distribution) curves are shown in Fig. 24.
The Bimodal distribution is observed corresponding to the
micro-pores with a dominant peak at 11.9 nm and the macro-
pores with a dominant peak at 100 um. The MIP results
indicate that Jinan red clay has double-porosity characteris-
tics, which relies on the existence of a micro-structural and
a macro-structural domain (Della and Musso 2016). Based
on the MIP results of Jinan red clay, the macro-porosity and
micro-porosity were defined. The micro-pores correspond to
intra-aggregate pores and have a size smaller than 3 pm; the
macro-pores correspond to inter-aggregate pores and have
a size greater than 3 pm. The micro- and macrostructural
void ratios e,, and e, obtained from MIP results are 0.659
and 0.165, respectively. The results also confirm that the
small pores within the aggregates have little effect on the
seepage characteristics of Jinan red clay, even though they
account for a relatively high percentage. On the contrary, the
macro-pores between the aggregates, which form preferen-
tial seepage channels, have major influence on the seepage
characteristics of red clay.

Seepage experiment with X-ray computed tomography
shows that under the influence of long-term vertical seepage,
the pores in the undisturbed Jinan red clay are mainly devel-
oped vertically and most of them are connected, resulting in
the good permeability of Jinan red clay in vertical direction.
Due to the particularity of Jinan spring area stratum, the
permeable stratum is directly recharged by the underlying
Ordovician limestone layer, which contains abundant karst
water. Therefore, during the excavation in areas such as Pei-
jiaying Metro Station, serious excavation seepage problems
have occurred even if waterproof curtains are installed. In
this case, in addition to setting up waterproof curtain, it is
also necessary to set up enough pumping wells or deep-well
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drainage systems to solve the seepage problem of the excava-
tion in Jinan red clay area.

Absolute permeability computation based
on seepage experiment simulations

Absolute permeability, which appears in Darcy’s law as a con-
stant coefficient, is defined as the measure of the ability of a
porous material to transmit a single-phase fluid. In this study,
the seepage experiment simulations were conducted based
on the 3D pore structure of red clay using Avizo-Xlab Hydro
module, and the absolute permeability of different Regions of

100
B stage 1
Total CN:15744, Average CN:0.345
80 4 - Stage 2

Total CN:16618, Average CN:0.326

B Stage3

Total CN:17274, Average CN: 0.340

60

40

Frequency (%)

20

T
0 1 2 3 4
Coordination Number

Fig. 23 Distribution of coordination number (CN) under three differ-
ent stages of the whole experiment

Interest (ROI) were calculated. The absolute permeability K
(m?) of soil is calculated by Eq. (3):

_out

TAAP )

where Q (m?/s) denotes the volumetric flow rate that goes
through the porous media;u(Pa s)is the dynamic viscosity
of the flowing fluid, set as 0.001 Pa s, representing the vis-
cosity coefficient of water at 20 degrees centigrade; L(m) is
the length of the calculated sample, set as 0.005 m; A (m?)

@ Springer
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Fig. 24 MIP results of Jinan red clay

denotes the area of flow cross-section, set as 0.000025 m?;
AP is the pressure difference applied in the vertical direction
of the sample, which is also set as 10 kPa.

The hydraulic conductivity k(m/s) in Darcy’s law can be
converted from the value of absolute permeability K accord-
ing to Eq. (2).

The micro-scale flow is solved based on the
Navier—Stokes equation. To make the calculation easier, a
simplified Stokes' equation was used for the incompressible
and Newtonian fluid in a steady and laminar flow manner
(Eq. 4):

Vv=0

5 S “
uV?v-vP=0

where V is the divergence operator; % is the gradient opera-

tor; V is the velocity of the fluid; V? is the Laplacian opera-

tor; P is the pressure of the fluid in the fluid phase of the

material.

Three different ROI with same size
(5000 x 5000 x 5000 pm?) were extracted from the 3D pore
structure of each intact Jinan red clay sample as shown in
Fig. 25, where PF region represents the region with obvious
preferential flow, and NPF region represents the area, where
there is no obvious preferential flow.

The seepage simulation results of streamlines for different
ROI of three intact samples are demonstrated in Fig. 26. It
can be observed that the number and distribution density of
streamlines in the PF regions are greater than the other two
NPF regions for three samples. In addition, the seepage flow
paths through the ROI box of the PF region are also more
complete, with greater flow velocity. For NPF regions, the
vast majority of the seepage streamlines are cut off halfway,
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Fig. 25 Different ROI regions in horizontal cross sections of sample

especially for the NPF regions of T1 sample, the streamlines
are almost invisible, indicating that there is almost no seep-
age in this area.

The results of absolute permeability K(pm?) and the
corresponding hydraulic conductivity k& (x 10™° m/s) were
presented in Table 3. The results calculated by seepage
simulations show that the value of absolute permeability, as
well as hydraulic conductivity of PF region is two orders of
magnitude higher than that of NPF region. It can be noted
that the calculated value of hydraulic conductivity is lower
than that obtained from field pumping test (1.4 x 10 m/s)
and laboratory seepage experiment (7.51 x 1076 m/s), even
for PF regions. This can be attributed to the fact that the
preferential flow phenomenon is more obvious in the actual
stratum, and the sizes of the ROI and the samples used in
laboratory are relatively small. Hence, some connected pores
are cut off in DOI or test samples, making it impossible to
have a positive impact on permeability. The hydraulic con-
ductivity obtained from laboratory seepage experiment is
closer to that of PF region from seepage simulation, indicat-
ing the seepage characteristics of Jinan red clay are mainly
dominated by the preferential flow region, which is consist-
ent with the conclusion obtained from PNM in “Analysis of
the micro-pore characteristics based on the establishment of
Pore Network Model (PNM)”.

The maximum pore EqRadius, pore volume content,
and pore connectivity of each ROI were also listed, where
the pore volume content is the ratio of pore volume to
the volume of ROI, the pore connectivity is the ratio of
connected pore volume to the total pore volume. It can
be known that the pore volume content of different ROI
is similar, indicating the pore volume content has little
influence on the soil permeability. The high hydraulic
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Fig. 26 Seepage simulation results of streamlines for different ROI of samples
Table 3 Calcu.lated rctsultls ‘?f Sample ROI Maximum pore  Pore volume Pore con- Absolute per-  Hydraulic
seepage experiment simulation EqRadius content (/%) nectivity meability conductivity
(pm) (B1%) (pm?) (X107 m/s)
T1 PF 1321 14.6 46.8 289.11 2.83
NPF-1 32 10.8 12 0.16 0.0016
NPF-2 40 12.3 2.7 0.17 0.0017
M1 PF 1061 133 38.7 146.01 1.43
NPF-1 245 13.8 9.8 5.73 0.06
NPF-2 368 12.7 132 9.30 0.09
B1 PF 1645 15.9 59.8 589.11 5.77
NPF-1 434 10.6 17.5 11.58 0.11
NPF-2 458 10.8 16.8 11.84 0.11

conductivity in the PF region is due to existence of large
pores with good connectivity. Figure 27 shows the relation
between absolute permeability and different pore param-
eters. It is found that the absolute permeability increases
with the maximum pore EqRadius and pore connectiv-
ity. The seepage characteristics for Jinan red clay is more

complicated, which is less related to porosity, but closely
related to the pore morphology, connectivity, and other
factors. The seepage simulation results show that the maxi-
mum pore EqRadius and pore connectivity have important
influence on seepage characteristics, which is consistent
with the conclusion obtained from seepage experiment.
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Conclusions

This paper proposes a new approach to identify the water
flow and analyse the micro-pore characteristics of clay com-
bining seepage experiment with X-ray micro-tomography
system. The 3D pore space of the sample under different
seepage stages was quantitatively identified and character-
ized by some geometrical parameters based on PNM, such
as pore size distribution, throat size distribution. The seep-
age experiment simulations were conducted and the pore
parameters affecting the soil permeability were analysed.
The main conclusions obtained in this study are as follows:

1. The unique pore structure and soil properties lead to the
strong vertical permeability of Jinan red clay. The pore
structure of Jinan red clay is mainly vertically developed
with macropore channel existing, which is caused by
the long-term vertical seepage and the decaying roots
during sedimentation. The seepage characteristics of
Jinan red clay are mainly dominated by the preferential
flow region. The preferential flow phenomenon is more
obvious in the actual stratum, which leads to a higher
hydraulic conductivity obtained from field pumping
test compared with the results obtained from laboratory
seepage experiments and seepage simulations.

2. The equivalent Pore Network Model (PNM) represent-
ing pore structure of Jinan red clay was established,
and the micro-pore parameters were quantified. The
PNM results show that Jinan red clay is mainly com-
posed of isolated small pores, and the macropores more
likely have a good connectivity with greater CN. The
macropore channel has major influence on the seepage

@ Springer

characteristics of red clay. The pore throat length and
CN are almost unchanged, implying the washed-out par-
ticles mainly come from the pore walls, while the clay
matrix stays intact.

3. The seepage experiment simulations were conducted

based on the 3D pore structure of Jinan clay, and the
absolute permeability of different ROI were calculated.
The results show that the value of absolute permeability
of PF region is two orders of magnitude higher than that
of NPF region. The maximum pore EqRadius and pore
connectivity have important influence on seepage char-
acteristics of Jinan red clay, but the correlation between
porosity is small.

4. The approach combined with soil seepage experiment

and micro-CT scanning can be used to study the micro-
scopic seepage characteristics of a wide range of soil
types. Macro-pores in the soil which form preferential
flow channels have a significant influence on soil seep-
age characteristics, even though they are not account for
a high porosity. The mineral composition and content of
soil influence the possibility of expansion or contraction
of seepage channel. The factors such as: existence of
macro-pore, pore connectivity play a positive role on
soil seepage characteristics.
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