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Abstract: In this study, the step vacuum preloading method was used to reinforce high clay content
dredger fill in the laboratory. The pore structures and permeability characteristics of dredger fill
under different vacuum pressures were tested. The correlation between the pore structure parameters
and permeability coefficient was analyzed using the grey T’s correlation analysis method. The
research results indicate that the pore ratio, large pore (the diameter with a range of 4–40 µm) content,
and permeability coefficient of dredger fill decreased with the increase in vacuum pressures, but
the decrease rates of the pore ratio were different at various sampling locations. The contents of
micropores (the diameter with a range of <0.04 µm) and small pores (the diameter with a range of
0.04–0.4 µm) increased with the increase in vacuum pressure. The results of the correlation analysis
showed that a large pore content had a strong correlation with the permeability coefficient and could
be used to describe the permeability characteristics of soil. The research results can provide reference
for the improvement of the reinforcement method and for the evaluation of the reinforcement effect
of dredger fill in engineering practice.

Keywords: step vacuum preloading; high-clay content dredger fill; pore distribution; permeability;
correlation analysis

1. Introduction

When the traditional vacuum preloading method is used to consolidate high clay
content dredger fill, the drainage capacity of the prefabricated vertical drain (PVD) will
be weakened [1–3] due to the blockage caused by fine particles. Based on the vacuum
preloading method, the step vacuum preloading (SVP) is applied to solve the problem [4–8].
Before the application of vacuum pressure, the dredger fill to be treated is characterized by
a higher moisture content, higher porosity, and lower strength. After being reinforced, the
soil will have a certain bearing capacity and its permeability will be changed greatly [9].
The permeability coefficient is an important parameter to evaluate the consolidation effects
and the property of soil [10,11].

With the rapid development of reclamation engineering, the permeability features
of soil treated by the vacuum preloading method have been studied extensively in recent
years [12–18]. The influence of permeability on settlement has been discussed for the
accurate prediction of settlement and proper evaluation of the reinforcement effect of the
soil. Based on field data, Zhuang et al. [10] established a numerical model to analyze the
relationship between the settlement and the permeability coefficient of a stabilized soft soil
site. Wu et al. [9] discussed the change in permeability coefficient with depths and locations
from the PVD after the dredger fill was treated by the laboratory vacuum preloading
method. Li et al. [19] adopted a five-level (10, 20, 40, 60, and 80 kPa) vacuum preloading
plan on a dredger fill in the laboratory. During the test, the permeability coefficients, pore
ratio, settlement, and pore water pressure of the soil were measured. The results proved that
the SVP was effective at reinforcing dredger fill with high clay content. The permeability
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of soil is controlled by its pore characteristics [20–23], and the flow of fluid in soil is
determined by the geometric spatial characteristics of the pores. Porosity is the primary
factor affecting the permeability of soil, and pore size distribution plays an important role
in fluid flow in soil [24–27]. During the process of SVP, the characteristics of pores change
significantly, causing the permeability of the dredger fill to change accordingly. So, it is
necessary to analyze the permeability of soil from the aspect of pore characteristics. At
present, many scholars have investigated the pore characteristics of soil treated by vacuum
preloading, and have discussed the changes of porosity [28,29], pore size distribution [30],
and pore directionality [31] during reinforcement. However, the study on the dynamic
change of permeability coefficient during vacuum preloading process from the aspect of
pore features is limited, the correlations between the pore parameters and permeability
during the SVP process have seldom been studied. Therefore, it is necessary to study the
evolution mechanism of permeability characteristics for dredger fill treated by the SVP
method, so as to provide a reference for the improvement of the SVP method and for the
evaluation of the consolidation efficiency of dredger fill.

In this study, SVP was used to treat high clay content dredger fill in the laboratory.
During the consolidation process, the pore features changed all the time. Correspondingly,
the permeability characteristics of the dredger fill changed. To clarify the variation of
pore parameters and permeability with time and space during the SVP process, a mercury
intrusion porosimetry test (MIP) and permeability test were conducted on samples obtained
at different times and from the different locations of the test bucket. Then, the relationship
between pore parameters and permeability coefficient of the soil was analyzed.

2. Materials and Methods
2.1. Sample Properties

The studied soil was obtained from Nangang Industrial Zone, Binhai New Area in
Tianjin (Figure 1). The site was filled in 2016 and not subjected to any reinforcement process.
The dredger fill had a thickness of 8–9 m in the sampling location, and its properties were
relatively uniform. During sampling, the surface hard layer was removed first, and the
soils with original moisture content of 30–80% were dug and put into a bag. The sampling
depth was 1 m.
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Figure 1. Sampling location: (a) Map of Tianjin, China; (b) realistic view of sampling location.

The soluble salt content of the soil is listed in Table 1. The total soluble salt content was
1.756%, and the main ions were Na+ and Cl−. The basic properties of the soil are showed in
Table 2. The content of clay particles was more than 50%, so the soil belonged to high-clay
content dredger fill. According to the ASTM D2487-17, the soil was classified as lean clay.
The mineral compositions of the soil were measured by X-ray diffraction analysis, and the
results are shown in Figure 2. Quartz had the highest content of 36.1%, followed by the
illite-smectite mixed layer (I/S).
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Table 1. Soluble salt content of the soil.

Component Total K+ Na+ Cl− Ca2+ Mg2+ SO2−
4 CO2−

3 HCO−3
Percentage

(%) 1.756 0.029 0.525 0.951 0.016 0.022 0.156 0.000 0.025

Method Water bath
evaporation

Flame
photometer

Silver nitrate
titration EDTA complex titration Neutralisation

titration

Table 2. Basic properties of the soil.

Granulometric Composition Physical Properties

Size Fraction (mm) Percentage Density Liquid Limit Plastic Limit Plastic Index

>0.075 0.005–0.075 <0.005 ρS
(
kg/m3) wL (%) wP (%) IP (%)

0.09% 47.91% 52.06% 2740 44.62 26.38 18.24
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2.2. SVP Model Test

The equipment used for the SVP test was a self-designed bucket. Figure 3 shows its
schematic diagram. Two pore water pressure gauges were arranged at different positions
of the bucket bottom. In the inner wall of the bucket, the settlement gauge was installed
to monitor the settlement of the soil surface. A vacuum gauge was installed at the center
of PVD to determine the vacuum pressure of the SVP test. Water collection devices were
used to measure the displacement. The testing soil was sealed by a sealing film, and the
vacuum pump, sealing film, and soil−water separator worked together to control the
levels of vacuum pressure (through Valve 3 of the soil−water separator). The test has been
described in detail by Shan et al. [8] and Li et al. [19].



J. Mar. Sci. Eng. 2023, 11, 1714 4 of 16
J. Mar. Sci. Eng. 2023, 11, x FOR PEER REVIEW 4 of 16 
 

 

 
Figure 3. Test equipment and sampling positions: (a) plan view of the SVP test equipment; (b) front 
view of the SVP test equipment and sampling positions; (c) sampling positions. 

The original soil underwent a natural sedimentation process in which some of the 
water was discharged. So, the moisture content of the soil was uneven. According to the 
study of Yuan et al. [4,28], the moisture content of the sample used in the SVP test was 
controlled as 120%. The SVP test lasted for 117 days. The corresponding time nodes of 
each experimental stage are shown in Figure 4a. There were two stages in the SVP test, 
namely, self-weight consolidation (SWC) stage and step vacuum pressure loading stage. 
The SWC stage included soil−water separation and self-weight sedimentation processes 
[32]. During the step vacuum pressure loading stage, five-level vacuum pressures (10, 20, 
40, 60, and 80 kPa) were applied to consolidate the dredger fill. 

Figure 3. Test equipment and sampling positions: (a) plan view of the SVP test equipment; (b) front
view of the SVP test equipment and sampling positions; (c) sampling positions.

The original soil underwent a natural sedimentation process in which some of the
water was discharged. So, the moisture content of the soil was uneven. According to the
study of Yuan et al. [4,28], the moisture content of the sample used in the SVP test was
controlled as 120%. The SVP test lasted for 117 days. The corresponding time nodes of each
experimental stage are shown in Figure 4a. There were two stages in the SVP test, namely,
self-weight consolidation (SWC) stage and step vacuum pressure loading stage. The SWC
stage included soil−water separation and self-weight sedimentation processes [32]. During
the step vacuum pressure loading stage, five-level vacuum pressures (10, 20, 40, 60, and
80 kPa) were applied to consolidate the dredger fill.

SWC stage: As shown in Figure 4b, the soil sample was in a mud state at the beginning
of the test. The initial height of the mud was 25.67 cm. At this stage, no water was drained,
and the total weight of the mud remained unchanged. As time went on, the water and soil
began to separate (Figure 4c), and this stage finished when the positions of water and soil
surface and the readings of pore water pressure gauges were unchanged. After opening
Valve 1, water was discharged through the PVD under gravity, and the stage of self-weight
sedimentation started (Figure 4d). The ending criterion of this stage was the same as the
soil−water separation stage. As the SWC stage finished, soil samples for the MIP test were
taken from the UC, US, LC, and LS, as shown in Figure 3c.

Step vacuum pressure loading stage: five-level vacuum pressures (10 kPa to 20 kPa
to 40 kPa to 60 kPa to 80 kPa) were applied to treat the dredger fill. Under a certain level
of vacuum pressure, when the settlement of soil was stable and the pore water pressure
changed from a stable state to a gradual increase, the vacuum pressure was then increased
to the next level.
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sampling plan for MIP test and permeability test.

The sampling plan for the MIP test and permeability test are shown in Figures 3c and 4e.
It was difficult to collect samples for permeability test when the soil had a high moisture
content. So, sampling was carried out from UC and US after the application of vacuum
pressures of 20, 40, 60, and 80 kPa. The test stages and sampling plan are illustrated in
Figure 4.

2.3. MIP Test

When the moisture content of the soil was high, it was difficult to prepare undisturbed
specimens for the MIP test using traditional sampling methods. A self-designed and tried-
and-tested sampler was used to prepare the specimens for the MIP test. Yuan et al. [28]
demonstrated that the sampler could obtain the undisturbed soil samples with a high
moisture content. We cut the samples into cylinders about 10 mm long with steel knives
soaked in liquid nitrogen, and then frozen them in liquid nitrogen for 2 h. After being
completely dried by a vacuum dryer, the samples were trimmed into cubes with a length
of 10 mm, as shown in Figure 5b.

The MIP tests were carried out with an AutoPore IV 9500 Porosimeter (manufactured
by Micromeritics Instrument Corporation, Norcross, GA, USA) (Figure 5a). Under different
pressures, mercury entered the pores with different diameters. The volumes of injection
mercury under each increment of pressure were recorded, and the pore diameters were
calculated through Equation (1).

P =
4γ cos θ

d
(1)
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where d is the diameter of the pore, γ is the surface tension of mercury, θ is the contact
angle between the particle and mercury, and P is the pressure.
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2.4. Method of Correlation Analysis

The correlation analysis between the pore characteristics and permeability coefficient
was carried out using Grey T’s correlation analysis method. The basic idea of this method
was to calculate the correlation level (r) according to the proximity of the relative change
trend of the time series curves of factors, where the relative change trend refers to the
ratio of the slope of curves of reference series and comparison series in the adjacent time
period [33]. The positive or negative values of r did not indicate the magnitude, but only
indicate whether the change trend of the comparison sequence and the reference sequence
was consistent over time.

The method is described as follows:

ξ(Xi(k)) =

{
sgn(∆y1(k)·∆y2(k))·min(|∆y1(k)|,|∆y2(k)|)

max(|∆y1(k)|,|∆y2(k)|)
0(∆y1(k)·∆y2(k) = 0)

}
(2)

r(X1, X2) =
1

n− 1

n

∑
k=2

ξ(Xi(k)) k = 2, 3, · · · , n , i = 1, 2 (3)

In Equation (2),

∆yi = {∆yi(k) = yi(k)− yi(k− 1), k = 2, 3, · · · , n}, i = 1, 2 (4)

yi = {(Xi(k)− Xi(k− 1))/Di, k = 1, 2, · · · , n}, i = 1, 2 (5)

Di =
n

∑
k=2
|Xi(k)− Xi(k− 1)|/(n− 1), i = 1, 2; k = 2, 3, 4, · · · , n (6)
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where X is the study sequence. y is the sequence after standardization. ∆y is the increment
sequence. ξ is the correlation coefficient between sequences. r is the correlation level
between the reference sequence and comparison sequence.

3. Results
3.1. Permeability Characteristics of Dredger Fill under Step Vacuum Pressures

The TST-55 permeameter (Nanjing Soil Instrument Factory Co., Ltd., Nanjing City,
Jiangsu Province, China) was used for the permeability test. The permeability coefficient is
calculated using Equation (7).

k =
QL
Aht

(7)

where k is permeability coefficient, Q is the amount of seepage within time t, L is the length
of seepage path, A is the cross-section area of the tested sample, and h is the height of
the sample.

Figure 6 illustrates the permeability coefficients of the samples obtained from the soil
under different SVP stages. It shows that the permeability coefficients present a decreasing
tendency with the increase in vacuum pressure. At the end of 20 kPa vacuum pressure, the
permeability coefficients of the UC and US samples were 5.46 × 10−8 and 8.12 × 10−8 m/s,
respectively. When the vacuum pressure was 40 kPa, the permeability coefficients of UC
and US both decreased significantly. With the vacuum pressure increased to 60 and 80 kPa,
the permeability coefficients decreased slowly. During the SVP test, the permeability
coefficient of the central soil sample was lower than that of the soil sample at the edge of
test bucket. At the end of 80 kPa vacuum pressure, the permeability coefficients of the UC
and US samples were 4.33 × 10−11 m/s and 1.88 × 10−10 m/s, respectively.

J. Mar. Sci. Eng. 2023, 11, x FOR PEER REVIEW 7 of 16 
 

 

𝑟(𝑋ଵ, 𝑋ଶ) = 1𝑛 − 1 ෍ 𝜉൫𝑋௜(𝑘)൯௡
௞ୀଶ   𝑘 = 2,3, ⋯ , 𝑛 , 𝑖 = 1,2 (3) 

In Equation (2), ∆𝑦௜ = ሼ∆𝑦௜(𝑘) = 𝑦௜(𝑘) − 𝑦௜(𝑘 − 1), 𝑘 = 2,3, ⋯ , 𝑛ሽ, 𝑖 = 1,2 (4) 

𝑦௜ = ሼ(𝑋௜(𝑘) − 𝑋௜(𝑘 − 1)) 𝐷௜⁄ , 𝑘 = 1,2, ⋯ , 𝑛ሽ, 𝑖 = 1,2 (5) 

𝐷௜ = ෍ |𝑋௜(𝑘) − 𝑋௜(𝑘 − 1)| (𝑛 − 1), 𝑖 = 1, 2; 𝑘 = 2, 3, 4, ⋯ , 𝑛⁄௡
௞ୀଶ  (6) 

where 𝑋 is the study sequence. 𝑦 is the sequence after standardization. ∆𝑦 is the incre-
ment sequence. 𝜉  is the correlation coefficient between sequences. 𝑟  is the correlation 
level between the reference sequence and comparison sequence. 

3. Results 
3.1. Permeability Characteristics of Dredger Fill under Step Vacuum Pressures 

The TST-55 permeameter (Nanjing Soil Instrument Factory Co., Ltd., Nanjing City, 
Jiangsu Province, China) was used for the permeability test. The permeability coefficient 
is calculated using Equation (7). 𝑘 = 𝑄𝐿𝐴ℎ𝑡 (7) 

where k is permeability coefficient, Q is the amount of seepage within time t, L is the length 
of seepage path, A is the cross-section area of the tested sample, and h is the height of the 
sample. 

Figure 6 illustrates the permeability coefficients of the samples obtained from the soil 
under different SVP stages. It shows that the permeability coefficients present a decreasing 
tendency with the increase in vacuum pressure. At the end of 20 kPa vacuum pressure, 
the permeability coefficients of the UC and US samples were 5.46 × 10−8 and 8.12 × 10−8 m/s, 
respectively. When the vacuum pressure was 40 kPa, the permeability coefficients of UC 
and US both decreased significantly. With the vacuum pressure increased to 60 and 80 
kPa, the permeability coefficients decreased slowly. During the SVP test, the permeability 
coefficient of the central soil sample was lower than that of the soil sample at the edge of 
test bucket. At the end of 80 kPa vacuum pressure, the permeability coefficients of the UC 
and US samples were 4.33 × 10−11 m/s and 1.88 × 10−10 m/s, respectively. 

 
Figure 6. The permeability coefficients of the soil samples. Figure 6. The permeability coefficients of the soil samples.

Under vacuum pressure, the soil near the PVD was consolidated first. Because of
the long seepage path and hysteresis of vacuum pressure transmission, the soil near the
side wall was consolidated slowly, resulting in a larger permeability coefficient for the
US sample. During the SVP course, there was little difference in permeability coefficient
between UC and US, indicating that the drainage capacity of the soil was almost the same.

3.2. Pore Ratio and Pore Size Distribution Analysis

Pore characteristics have an influence on the permeability of soil [25,26,34,35]. In the
study, the pore features of the treated soil were analyzed from the aspects of pore ratio and
pore size distribution.

3.2.1. Pore Ratio

According to the results of the MIP tests, the porosity (n) of the testing sample could be
directly obtained, and its value was the percentage of the pore volume to the total volume
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of the testing sample. In engineering practice, pore ratio (e), the volume ratio of all the
pores in the soil to the skeleton particles, is often used to describe the pore characteristics of
soil. Figure 7 illustrates the pore ratio of the different samples. It decreased with time. At a
certain time, the pore ratio of UC was the smallest, and the pore ratio of LS was the largest.
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As the vacuum pressure increased from 0 to 40 kPa, the pore ratio of UC, LC, and US
decreases rapidly. With the continuous increase in vacuum pressure, the pore ratio of the
three sampling locations began to decrease at a lower rate. The pore ratio of LS decreased
generally, and its decrease rate under the vacuum pressure of 60 and 80 kPa was the fasted,
compared with the data of the other three sampling locations. When the stage of 80 kPa
vacuum pressure ended, the pore ratio of the four sampling locations was almost the same,
which was about 0.55, indicating that the SVP had a good consolidation effect on the high
clay content dredger fill.

In the SVP test, the PVD was not only the seepage channel for water, but also the
transmission channel for vacuum pressure. During the stage of SWC, the separated water
on the upper soil discharged quickly through the PVD, leading to a small pore ratio of UC,
which had been found and studied by Walker and Indraratna [36]. When the separated
water was discharged completely, the vacuum pressure was loaded on the upper soil
through the PVD. With the application of step vacuum pressure, the soil near the PVD
consolidated first, causing the pore ratio of LC and UC to be small. Additionally, the upper
soil was in contact with the sealing film, and the soil of US underwent vacuum pressure
earlier than the soil of LS, leading to a smaller pore ratio of US than LS.

During a certain test stage, the consolidation degree of LS was the lowest among the
four sampling locations. At the stage of SWC, the small hydraulic gradient in the soil at the
bottom near the bucket wall led to a high pore ratio of LS. And under the vacuum pressure
condition, the pore ratio of LS was large because it would take more time for the vacuum
pressure to reach this part.

3.2.2. Pore Size Distribution

To describe the pores, the pore size needed to be defined. Here, the Expert Method
(EM) was used to classify pores, and pore diameters of <0.04 µm, 0.04–0.4 µm, 0.4–4 µm,
4–40 µm, and >40 µm in the dredger fill were named the micropore, small pore, mesopore,
large pore, and macropores, respectively [37]. Yuan et al. [30] used EM to describe the pore
size change of the dredger fill during the SVP test, and proved its rationality in describing
the pore size distribution of the dredger fill. The cumulative pore size distributions could
be obtained based on the cumulative amount of mercury injection (Figure 8), and then the
percentage of various types of pores could be determined (Figure 9).
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The curves in Figure 8 indicate that the pore size became small with the increase in
vacuum pressure. In Figure 8a, with the vacuum pressure increasing from 10 kPa to 80 kPa,
the largest diameter of pore decreased from 91 µm to 0.8 µm. Figure 9 shows that the
content of large pores decreased with the increase in vacuum pressure, while the contents
of the small pores and micropores increased. The percentage of mesopores first increased
and then decreased. The change in various types of pores implied that the large pores were
mainly compressed into mesopores, small pores, and micropores during the consolidation
of soil. When the vacuum pressure was 40 kPa, the mesopores’ content reached the peak
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value. When the vacuum pressure was 60 kPa and 80 kPa, the content of small pores and
micropores increased, but the mesopores content decreased. So, under a high vacuum
pressure, the mesopores were compressed into small pores and micropores.

In the early testing stages, the percentage of large pores in the UC sample was the
lowest, and it was the highest for the LS sample. At the end of the experiment, the
percentages of large pores at the four sampling locations were almost the same, with a
value of 0.75. The change in large pore content of samples from different positions showed
a similar trend; it dropped rapidly under the first three levels of vacuum pressures, then
decreased slowly under a vacuum pressure of 60 kPa and 80 kPa.

3.3. Correlation Analysis

The pore ratio, percentage of large pore, mesopores, small pores, and micropores
were selected as the comparison sequence, and the permeability coefficient of the soil was
selected as the reference sequence. The selection of comparison sequence is consistent
with permeability coefficient in terms of sampling location and testing stage. Table 3 lists
the original data of the comparison sequence and reference sequence. Figure 10 lists the
relationship between the pore parameters and the permeability coefficients.

Table 3. Original data: Reference sequence and comparison sequence.

Testing Stage:
The Vacuum

Pressure Value

Sampling
Locations

Reference
Sequence Comparison Sequence

Permeability
Coefficient (m/s)

Pore Ratio
(-)

Micropore
(%)

Small Pore
(%)

Mesopore
(%)

Large Pore
(%)

20 kPa
UC 5.46 × 10−8 1.08 5.67 19.59 55.78 15.93
US 8.12 × 10−8 1.19 5.39 20.14 40.49 31.58

40 kPa
UC 1.50 × 10−9 0.76 8.60 28.20 57.78 3.07
US 8.34 × 10−9 0.87 8.51 24.65 59.75 3.26

60 kPa
UC 3.80 × 10−10 0.61 12.28 33.54 50.23 2.37
US 5.71 × 10−10 0.76 8.64 33.79 54.39 0.96

80 kPa
UC 4.33 × 10−11 0.54 14.27 41.10 42.81 0.7
US 1.88 × 10−10 0.54 13.56 39.18 44.19 0.744

In Figure 10, the negative value of the correlation degree with an underline indicates
that the permeability coefficient is negatively related to the comparison sequences. The
larger the absolute value of the correlation degree, the stronger the correlation between the
permeability coefficient and the comparison sequence. As shown in Figure 10a, the large
pore content, pore ratio of soil samples in US and UC, and the mesopore content of soils in
US exhibited a positive correlation with the permeability coefficient. The large pore content
of the soil samples from US demonstrated the highest r value among these relationships.
However, the content of small pores and micropores in the soil samples from US and UC,
as well as the mesopore content of the soil samples from UC were negatively related to the
permeability coefficient.

At different sampling locations, the r values between the permeability coefficient and
the pore ratio were lower than that between the permeability coefficient and the large pore
content. In the soil, the pore ratio represented the total volume of pore water that could
exist, so the value of r between the pore ratio and permeability coefficient was slightly high.
The large pore was the main seepage channel for water, and its percentage had the most
direct influence on the permeability of the soil. Therefore, the value of r between the large
pore content and the permeability coefficient was the highest.



J. Mar. Sci. Eng. 2023, 11, 1714 11 of 16J. Mar. Sci. Eng. 2023, 11, x FOR PEER REVIEW 11 of 16 
 

 

 
(a) (b) 

Figure 10. The relationship between pore parameters and permeability coefficients: (a) the correla-
tion degrees between pore parameters and permeability coefficients; (b) the relationship curves be-
tween the permeability coefficient and large pore percentage of the soil samples. 

In Figure 10, the negative value of the correlation degree with an underline indicates 
that the permeability coefficient is negatively related to the comparison sequences. The 
larger the absolute value of the correlation degree, the stronger the correlation between 
the permeability coefficient and the comparison sequence. As shown in Figure 10a, the 
large pore content, pore ratio of soil samples in US and UC, and the mesopore content of 
soils in US exhibited a positive correlation with the permeability coefficient. The large pore 
content of the soil samples from US demonstrated the highest r value among these rela-
tionships. However, the content of small pores and micropores in the soil samples from 
US and UC, as well as the mesopore content of the soil samples from UC were negatively 
related to the permeability coefficient. 

At different sampling locations, the r values between the permeability coefficient and 
the pore ratio were lower than that between the permeability coefficient and the large pore 
content. In the soil, the pore ratio represented the total volume of pore water that could 
exist, so the value of r between the pore ratio and permeability coefficient was slightly 
high. The large pore was the main seepage channel for water, and its percentage had the 
most direct influence on the permeability of the soil. Therefore, the value of r between the 
large pore content and the permeability coefficient was the highest. 

As shown in Figure 10b, the permeability coefficients decreased with the decrease in 
large pore contents. According to the analysis of pore size distributions, the large pore 
content was high after the SWC stage. Under the vacuum pressure, the large pores facili-
tated the drainage of pore water. So, the soil was compressed and consolidated. As shown 
in Figure 11, taking scanning electron microscope (SEM) photos of the soil samples at UC 
under different vacuum pressures as an example, the large pores were transformed into 
mesopores, small pores, and micropores during the application of vacuum pressure. With 
the decrease in large pore content, the size of the seepage channels for water became small, 
the permeability of the soil decreased under the increasing vacuum pressure, and the 
drainage capacity of the soil decreased. The large pore content decreased significantly 

Figure 10. The relationship between pore parameters and permeability coefficients: (a) the correlation
degrees between pore parameters and permeability coefficients; (b) the relationship curves between
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As shown in Figure 10b, the permeability coefficients decreased with the decrease
in large pore contents. According to the analysis of pore size distributions, the large
pore content was high after the SWC stage. Under the vacuum pressure, the large pores
facilitated the drainage of pore water. So, the soil was compressed and consolidated. As
shown in Figure 11, taking scanning electron microscope (SEM) photos of the soil samples
at UC under different vacuum pressures as an example, the large pores were transformed
into mesopores, small pores, and micropores during the application of vacuum pressure.
With the decrease in large pore content, the size of the seepage channels for water became
small, the permeability of the soil decreased under the increasing vacuum pressure, and
the drainage capacity of the soil decreased. The large pore content decreased significantly
under pressures of 10, 20, and 40 kPa, as did the permeability coefficient. So, the strongest
correlation was between the permeability coefficient and the large pore content.

The r between the large pore content of US and the permeability coefficient was greater
than that of UC. The large pores of UC were compressed into mesopores, small pores, and
micropores in the earlier stage of the SVP test. The large pore content of UC decreased from
15.93% to 0.7%. Meanwhile, the large pore content of US reduced quickly from 31.58% to
0.74%. The variation in large pore content of US was more significant than that of UC. So
the large pore content of US had the largest correlation level.

The mesopore content of UC was negatively correlated with the permeability coeffi-
cient, but that of US presented a positive correlation. The correlation level was the sum
of the proximity of the slope ratio between the comparison sequence and the reference
sequence in the adjacent time. The mesopore content presented different trends before and
after 40 kPa, while the permeability coefficient declined throughout the test, indicating that
the mesopore content had a negative or positive correlation with the permeability coeffi-
cient at different testing stages. When the sum of the absolute value of the negative results
was larger than the sum of the positive ones, r was negative; otherwise, r was positive.
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4. Discussion

According to the above analysis, the percentage of large pores has a strong correlation
with the characteristics of soil permeability. In this section, we use it to discuss the change
in permeability coefficient of soil during the SVP test.

Figure 12 shows the variation in large pore content of soil samples with time and
location. The large pore content of the samples at different locations decreases with the
increasing vacuum pressure.

At the beginning of SWC, due to the differences in size and mineral composition
of particles, the flocculation and sedimentation of particles in the stage of soil−water
separation caused the following sorting: sand and silt concentrated at the bottom, and
clay fraction filled in the space among large particles or was distributed in the upper part
of the soil. The separated water connected with the permeable part of the PVD. When
Valve 1 was opened, the separated water in the upper soil discharged rapidly though PVD
under gravity, and the fine particles migrated to the vicinity of the PVD by the flow of
water. Therefore, the large pore content of UC was the lowest because of the pore filling
effect of the fine particles. So, the permeability of soil at UC was poor. In general, the
large pore content was high at the end of the SWC stage at all four sampling locations,
and the presence of large pores was beneficial for the discharge of pore water under the
vacuum pressure.

Under a vacuum pressure of 10 kPa, the change in large pore content of UC was
smaller compared with the change at the testing stage of 20 kPa and 40 kPa. This is because
the vacuum pressure of 10 kPa was too small to cause an obvious change in large pores.
Therefore, the permeability of the UC sample decreased slowly at the initial stage of vacuum
preloading, which was conducive to the drainage of pore water far from the center. The
large pore contents in the LC and US samples decreased more rapidly compared with that
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in the LS samples. This discrepancy arose because it took time for vacuum pressure to
transfer to the lower and marginal part of the soil, causing gradual consolidation of the
deep soil far from the center. In contrast with the traditional vacuum preloading method,
the SVP method utilizes a lower initial vacuum pressure when reinforcing dredger fill.
These smaller pressures promote soil consolidation by restraining the migration of fine
particles and preventing the blockage of PVD. This strategy is conducive to the discharge
of pore water when higher vacuum pressures are subsequently applied, thereby improving
the efficiency of soil consolidation.
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When the vacuum pressure was 20 kPa, the change in large pore content of the four
sampling locations increased. When the vacuum pressure was 40 kPa, the change decreased
in the UC sample compared with that under the vacuum pressure of 20 kPa; but it increased
in the US, LC, and LS samples. For the UC sample, at the end of SWC stage, it had the
lowest large pore content compared with the samples from other three sampling locations,
so after the reduction in large pore content under 10 kPa and 20 kPa vacuum pressures, it
was difficult for the larger pore content of the UC sample to decrease continuously under
40 kPa vacuum pressure. During this stage, the mesopores content of the soil was the
highest, and the large pore content was in the range of 2.40~3.60%. When the vacuum
pressure was 60 kPa and 80 kPa, the change in large pore content was about 1%, but the
contents of mesopores decreased quickly. The mesopores were transformed into small
pores and micropores under high-level vacuum pressures of 60 kPa and 80 kPa. Due to the
high vacuum pressure, the particle position constantly adjusted, resulting in the compact
structure and low permeability coefficient of the soil.
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The temporal and spatial variation of the pore characteristics and permeability coeffi-
cient showed the effectiveness of the SVP method in the reinforcement of high clay content
dredger fill, and can provide a reference for the improvement of the reinforcement method.

5. Conclusions

The SVP test was conducted to consolidate dredger fill with a high clay content in the
laboratory. Based on data obtained through MIP and permeability tests, the correlation
between the pore parameters and permeability coefficient of soil was analyzed. The
conclusions are as follows:

At the early stage of the SVP test, the permeability coefficient of soil samples decreased
rapidly, followed by a slower decline as the pressure levels increased. The pore ratio of
the samples from different locations decreased with the vacuum pressure. The pore ratio
of the UC sample was the smallest, and it was the largest in the LS sample. Under a
low vacuum pressure, the pore ratio decreased rapidly in the UC, US, and LC sampling
locations. However, it became slow when the dredger fill was consolidated under vacuum
pressure of 60 and 80 kPa. The pore ratio of the LS sample decreased with the vacuum
pressure at a certain rate during the SVP test.

During the application of vacuum pressure, the large pores in the dredger fill gradually
transformed into mesopores, small pores, and micropores. As the vacuum pressure increased
to 60 kPa and 80 kPa, the mesopores were compressed into small pores and micropores.

The results of the correlation analysis indicate that among the various pore structure
parameters, the large pore content demonstrated a strong correlation with the permeability
coefficient of the soil. Therefore, the variation in large pore content with vacuum pressure
could be used to describe the characteristics of soil permeability under vacuum pressure.

When acquiring soil samples for permeability tests becomes challenging, the perme-
ability characteristics of the soil can be evaluated by analyzing the pore structure character-
istics. The research results provide novel concepts for the establishment of permeability
models, which could more accurately evaluate the settlement and stability of the soil during
drainage consolidation.
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