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Abstract: There are few calculation methods for the design and construction of vacuum preloading
to strengthen soft foundations. Based on the FLAC3D, a calculation model was established for the
vacuum preloading project of the Beijing–Shanghai high-speed railway. Through calculation and
comparison of measured values, the following results were obtained: (1) The top surface of the
reinforcement area and the sand drain can be regarded as the load boundary, which can be realized
by assigning the node pore water pressure. (2) After 30 days of vacuum action, the settlement rate
at each depth decreased significantly and the deformation gradually became stable. It is reasonable
to design the vacuum preloading time as 2–4 months. (3) The negative pore water pressure has
different transmission times and uneven distribution, which makes the consolidation time and degree
of soil on the same level uneven. After 30 days of vacuum action, this uneven phenomenon will be
transformed into a uniform phenomenon. (4) The change time of pore water pressure under vacuum
preloading is about 30 days. After that, the pore water pressure at different depths will tend to have
different constant values. The influence depth of vacuum preloading can reach 16 m. These works
can make up for the deficiency of vacuum preloading calculation methods.

Keywords: vacuum preloading; finite difference method; fluid–solid coupling; soft foundation
reinforcement

1. Introduction

Thick soft soil layers deposited in recent geological periods are widely distributed in
coastal areas of China. These soft soil layers have characteristics such as a large pore ratio,
high water content, low permeability coefficient, and low strength. To build structures on
such a soft foundation, the foundation must be reinforced. The vacuum preloading method
is an effective method for strengthening this kind of soft foundation, and it is relatively
mature and low-cost. This method was first proposed and put into practice by Kjellman [1]
in 1953. In the 1980s, this method was introduced in China and vigorously promoted and
applied. The combination of the vacuum preloading method and surcharge preloading
method will improve the effectiveness of soft foundation reinforcement. However, the
design and construction of vacuum preloading are mainly based on engineering experience,
which leads to the lack of support for the calculation theory and method in practical
application. Therefore, it is necessary to carry out in-depth research.

The calculation methods of vacuum preloading mainly include the analytical method
and numerical method. The analytical solution is based on the axisymmetric consolidation
theory of sand-drain foundation, including the Barron solution [2], Hansbo solution [3],
and Zeng et al. solution [4]. The numerical solution is based on Terzaghi’s one-dimensional
consolidation theory [5] and Biot’s three-dimensional consolidation theory [6], including
the finite element method, finite difference method, and boundary element method. The
derivation of accurate analytical solutions for the consolidation of a sand-drain founda-
tion has made some assumptions, and the calculation process is complex, resulting in a
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significant difference between the calculated results and the actual values. Therefore, it is
not convenient to promote and apply. Therefore many scholars have turned to numerical
calculation methods. In numerical analysis, most scholars consider the actual problem as
a plane strain situation. To simplify the calculation, authors such as Hird et al. [7], Hird
et al. [8], Indraratna and Redana [9], Indraratna and Redana [10], and Zhao et al. [11]
equated the sand-drain foundation to the sand-wall foundation by adjusting the spacing
and permeability coefficient and solved the problem. However, this also differs greatly
from the actual situation. The solid disturbance and fluid disturbance of soft foundation
reinforcement due to vacuum preloading or vacuum–surcharge preloading are very signifi-
cant. The fluid–solid coupling method should be used for their analysis and calculation. In
addition, the deformation and seepage of soft foundations are three-dimensional problems,
and the three-dimensional fluid–solid coupling method should be used for analysis and
calculation. In recent years, the development of computer technology has provided a
broader basis for the numerical analysis of geotechnical engineering (Zhao et al. [12], Zhao
et al. [13], Zhao et al. [14]). Sha et al. [15], Liu et al. [16], Zhou and Zhang [17] and others
have carried out practical engineering research on the numerical simulation of vacuum
preloading). Although the fluid–solid coupling numerical simulation method is widely
used in the field of geotechnical engineering, there are few examples of its application
in typical projects of vacuum preloading or vacuum–surcharge preloading to strengthen
soft foundations. Therefore, in order to improve the consolidation mechanism of soil
under vacuum, improve calculation accuracy, and enrich calculation examples, the authors
introduce a high-speed railway vacuum preloading project to conduct three-dimensional
numerical analysis research on soft foundations. These works have certain theoretical and
practical significance.

2. Introduction to Numerical Simulation Method and Engineering Example
2.1. Numerical Simulation Method

The numerical analysis adopts the Lagrange continuum method, which belongs to the
finite difference method (Chen and Chen [18]). When solving the partial differential equa-
tion by numerical calculation method, each derivative is replaced by the finite difference
approximation formula, and the solution of the partial differential equation is transformed
into the solution of the algebraic equation. The basic equations and boundary conditions of
geotechnical engineering are mostly presented in the form of differential equations, which
provides the basis for solving problems using the finite difference method. At the same
time, the mixed discrete method can be incorporated to give the element more flexibility
in volume deformation by adjusting the first invariant in the tetrahedral strain rate tensor,
making the mechanical behavior more consistent with the expected effect. The solution
steps are as follows:

(1) Regional discretization. The solution region of the differential equation is subdivided
into a mesh composed of finite lattice points.

(2) Approximate substitution. The derivative of each lattice point is replaced by the finite
difference formula.

(3) Approximation solution. A difference polynomial and its differential are used to
replace the solving process of partial differential equations.

The stress–strain relationship of rock and soil is measured through some tests. Com-
bined with the theory of rock and soil plasticity and the assumed conditions, this relation-
ship is extended to the complex stress and combined state of rock and soil, and the general
relationship between rock and soil stress and strain is expressed by a mathematical formula.
This is called a geotechnical constitutive model. Due to the diversity of rock and soil and
the difference in mechanical properties, it is impossible to use a unified constitutive model
to express the mechanical response, so it is necessary to develop a variety of constitutive
models.

Among many constitutive models of rock and soil, the Mohr–Coulomb plastic consti-
tutive model is the most general one, and it is applicable to materials yielding under shear
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stress, such as loose or cemented granular soil. This paper adopts this soil constitutive
model for modeling.

2.2. Engineering Example

In the soft foundation reinforcement test section of the Beijing–Shanghai high-speed
railway, the mileage range of the soft foundation reinforced with vacuum preloading is from
k0 + 276.51 to k0 + 515. In this mileage range, due to the uneven distribution of thickness of
the soft soil layer, there is a range value for the depth of soft foundation reinforcement. This
paper selects the soil layer distribution of the k0 + 342 section as the calculation model’s soil
layer distribution. From top to bottom, there is clay with a thickness of approximately 1 m,
muddy silty clay with a thickness of approximately 17 m, and silty clay with a thickness of
approximately 5 m. The clay layer has medium compressibility and is hard plastic. The
muddy silty clay layer is characterized by high compressibility and flow plasticity. The
silty clay layer has medium compressibility and is hard plastic. The buried depth of the
underground water level is 0.5~1.5 m. The geological profile is shown in Figure 1.
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Figure 1. A picture of engineering geological sections.

The Provisional Regulations on the Design of High-Speed Railway stipulated that the
post-construction settlement of the embankment should be less than or equal to 10 cm, the
annual settlement rate at the initial stage of completion should be less than or equal to
3 cm, and the post-construction settlement of the subgrade at the bridge–road transition
section should be less than or equal to 5 cm. After comprehensive consideration and
argumentation, the section from k0 + 276.51 to k0 + 515 of the route mileage range adopts
the method of first vacuum and then vacuum–surcharge preloading to strengthen the soft
foundation. Plastic drainage boards are arranged in a quincunx shape with a spacing of
1.2 m. After the surface of the foundation is cleaned, the sand cushion with a thickness of
about 0.6 m is laid, and a layer of geogrid is laid inside it. The reinforcement depth of the
soft foundation is 14.5~18.5 m. The vacuum pressure under the membrane is required to
be no less than 80 kPa, and the vacuum stage lasts for 56 days. The on-site construction is
shown in Figure 2.
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Figure 2. Site construction.

3. Numerical Simulation Scheme

During the consolidation process, the pore water pressure of the soft foundation
soil gradually decreases, the effective stress of the soil gradually increases, and the soil
undergoes consolidation deformation, which is a typical manifestation of the fluid–solid
coupling phenomenon. During the consolidation process of soil, there are both solid and
fluid disturbances. The change in soil pore pressure causes a change in effective stress,
resulting in the compression of soil volume. The volume of soil is compressed, which in
turn causes the water in the soil to react with soil particles, resulting in changes in pore
pressure. Therefore, the calculation of soil consolidation must consider the coupling of
fluid disturbance and solid disturbance, that is, fluid–solid coupling calculation.

3.1. Seepage Model

Seepage models include isotropic seepage models, anisotropic seepage models, and
impermeable material models. In fact, the soil itself has anisotropic characteristics, so
it is more practical to adopt an anisotropic seepage model and set a three-dimensional
permeability coefficient. The selected calculation parameters are the actual values of the
undisturbed soil sampled at the site and tested, as shown in Table 1.

Table 1. Calculation parameters.

Series Clay Smear Layer
of Clay

Muddy Silty
Clay

Smear Layer of
Muddy Silty Clay Silty Clay Sand Drain

Horizontal permeability coefficient
kh100−200/cm/s 0.40 × 10−7 0.35 × 10−7 1.44 × 10−7 1.30 × 10−7 0.41 × 10−7 3 × 10−2

Vertical permeability coefficient
kv100−200/cm/s 0.52 × 10−7 0.53 × 10−7 0.68 × 10−7 0.69 × 10−7 0.57 × 10−7 3 × 10−2

Compressive Modulus Es/MPa 4.61 4.61 4.35 4.35 8.77 11.66
Poisson’s ratio 0.47 0.47 0.55 0.55 0.49 0.3

Cohesion c/kPa 14 14 3.7 3.7 4 0
Internal friction angle ϕ/◦

15.5 15.5 18.9 18.9 26.7 36
Bulk density γ/kN·m−3

19.2 19.2 17.8 17.8 18.8 19
Water content ω/% 31.9 31.9 44.4 44.4 35 /

Density of water: 1000 kg/m3, Biot modulus: 4 × 109 Pa.

3.2. Numerical Analysis Model

The calculation grid model of a single sand-drain foundation is established below.
Using the formula rw = α(a + b)/4 (Gao et al. [19]) (a is the width of plastic drain plate,
0.1 m; b is the thickness of plastic drain board, 4 × 10−3 m; α is the conversion coefficient,
2 (Holtz and Jamiolkowski [20])), the equivalent radius of the sand drain rw = 0.05 m is
calculated. According to the literature (Dai and Gu [21], Chang et al. [22]), the radius of the
affected area of the sand drain re is 7 times the equivalent radius of the sand drain, which
is 0.35 m. The radius of the smear area rs is 0.15 m, which is 3 times the equivalent radius
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of the sand drain. The calculation area is based on the central axis of the sand drain and is
axisymmetric. The horizontal calculation range is 1.4 m, 4 times the radius of the affected
area. The vertical calculation range is 23 m, including three layers, namely the clay layer,
muddy silty clay layer, and silty clay layer. The entire calculation area consists of six groups:
clay layer, muddy silty clay layer, silty clay layer, sand drain, smear layer of clay layer,
and smear layer of muddy silty clay layer. The physical and mechanical indicators of each
group are different, as shown in Table 1 and Figure 3. There are a total of 2128 elements
and 2772 nodes in the calculation area, as shown in Figure 3.
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3.3. Boundary and Initial Conditions

The top of the model is a free boundary; The bottom is a fixed boundary without
displacement in any direction. There is vertical displacement and no horizontal displace-
ment on the sides around the model. Each surface of the hexahedron model is a permeable
boundary.

The moisture content of soft soil is very high, and the groundwater level in the test
section is relatively shallow. To simplify the calculation, it is assumed that the groundwater
level is flush with the ground. The pore pressure of the ground node is set to be 0, which
increases linearly according to the gradient of 10 kPa. The initial stress state is the gravity
field. First, the density of each group is assigned. After setting the gravity acceleration and
assigning the initial stress distribution of each group, the final initial stress field distribution
is calculated. After the soil mass is balanced, the deformation and node rate of the whole
calculation area are assigned the value of 0.

Within 8 h after vacuuming, the vacuum under the membrane rapidly reaches around
80 kPa. Therefore, the pore pressure at the top nodes is assigned to a constant value of
−80 kPa. Because the vacuum negative pressure is gradually transferred and increased
from the ground down, the node in the sand-drain grouping area is set as negative pore
pressure, which gradually rises from the top −80 kPa to 0, and the pore pressure increases
by 4.44 kPa with each 1 m decrease in depth (the pore pressure in the middle range of
the sand drain is linearly distributed, with a linear gradient of −80/18 = −4.44 kPa/m).
This can be realized by programming the sub-loop command flow. The unbalance force
ratio is set to 10−4. The master–slave program method is used to solve the problem. The
number of mechanical sub-steps is subordinate to the number of seepage sub-steps, and
the calculation time is set to 4.84 × 106 s.
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4. Analysis of Calculation Results
4.1. Settlement Analysis

Figure 4 shows the final vertical settlement nephogram of a single drain foundation
under vacuum preloading. The settlement gradually decreases from the ground down, and
the settlement is evenly distributed on the horizontal plane.
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The vacuum effect is different from the surcharge effect, and its negative pressure is
transferred to the sand drain quickly and then to the soil layer gradually. The soil element is
subjected to isotropic pressure, so the deformation is isotropic. The macroscopic reflection
is that the vertical differential settlement of each horizontal plane of the model is almost
zero. Figure 5 shows the settlement curve with time at different depths at the junction of
the smear layer and the soil layer. The settlement rate gradually decreases with the depth,
and the settlement rate and value at the ground are the largest. At the depth of 22 m, the
settlement rate and settlement value are almost 0 in the first 10 days, and there is a slight
change from the 10th day, and the final value is 2.75 cm. At the depth of 18 m (at the bottom
of the sand drain), the settlement rate and settlement value are almost 0 in the first 10 days,
and only slightly change from the 10th day, which is more obvious than that at the depth of
22 m, reaching 10.66 cm. These results indicate that the influence range of vacuum action
can basically reach the bottom of the sand drain, and the vacuum reinforcement effect is
weak when the soil layer is deeper. After 30 days of vacuum action, the settlement rate at
all depths decreases significantly, indicating that the soil layer gradually becomes stable. It
is appropriate to set the time of vacuum preloading at 2–4 months in the project, and it is
almost useless to vacuum again.

According to Terzaghi’s one-dimensional consolidation theory, the increment in pore
water pressure in soil is equal to the increment in effective stress. As the pore water pressure
decreases, the effective stress in the soil gradually increases, and the settlement of the soil
gradually develops. The rapid decrease in pore pressure in shallow soil results in a rapid
increase in effective stress, leading to significant settlement in shallow soil. The decrease in
pore pressure in deep soil is relatively slow, resulting in a slow increase in effective stress,
which reduces the settlement of deep soil.

Figure 6 shows the variation curve of the calculated and measured settlement values
with time at the depth of 0 m and 4 m. The settlement calculation curve is relatively
smooth, while the settlement measurement curve is not so smooth. The calculated value
curve of settlement is in good agreement with the measured value curve, especially in
the first 5 days and the last 26 days of vacuum pumping, with a large gap between 5 and
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30 days. In fact, the distribution of the soil layer is not horizontal, and there is an uneven
distribution phenomenon. This leads to the different transmission time and effect size of
vacuum negative pressure in the soil layer and then leads to the inconsistent consolidation
time and consolidation degree of the soil at the same depth. However, in the calculation,
we assume that the distribution of the soil layer is horizontal, and the transmission of
vacuum negative pressure in the soil layer is also stable. This leads to significant differences
between the calculated curve and the mid-term measured settlement curve. As time goes
on, the negative pore pressure of soil tends to be stable, and the uneven deformation of
soil changes to equilibrium deformation, which gradually makes the calculated value of
settlement consistent with the measured value.
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The final settlement consists of instantaneous settlement, primary consolidation settle-
ment, and secondary consolidation settlement. In this project, the secondary consolidation
settlement is very small and negligible. The stress response of a soft foundation under
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vacuum load is different from that under surcharge, and its lateral deformation is inward
contraction, and the instantaneous settlement can also be ignored. Therefore, the primary
consolidation settlement of the soft foundation is the final consolidation settlement. The
final consolidation settlement can be calculated using the layered summation method,
and it is 72.6 cm. This is significantly different from the measured value, so it is more
appropriate to use the final stable value calculated by numerical calculation as the final
settlement amount.

4.2. Pore Pressure Analysis

Figure 7 shows the pore water pressure distribution nephogram of the soil model.
Pore water pressure gradually increases with depth, from −80 kPa at the surface to about
168 kPa at the bottom.
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Figure 7. Contour of pore water pressure.

The distribution of pore water pressure in the same horizontal plane within the vertical
range of the sand drain is relatively uniform. At the same level, the pore water pressure in
a certain range centered on the sand drain is higher than that in other locations, and there
is a funnel phenomenon. The pore water pressure in the sand drain decreases the fastest
under vacuum, and the pore water pressure of the soil near the sand drain decreases more
than that of the soil far away from the sand drain, resulting in this funnel phenomenon.
However, due to the small horizontal size of the single sand-drain foundation model, it is
not very obvious.

Figure 8 shows the curve of calculated pore water pressure of soil at different depths
with time. The pore water pressure of soil at different depths gradually decreases from 0,
a negative value, and a positive value to a constant value, and stabilizes. The pore water
pressure changes for about 30 days.

Within the first 20 days of the vacuum preloading, the pore water pressure of the soil
at various depths decreased significantly. After 20 days, the pore water pressure of the
soil at various depths gradually stabilized. The shallower the burial depth was, the higher
the absolute value of the pore water pressure in the soil was. The deeper the burial depth
was, the lower the absolute value of pore water pressure in the soil was. After the pore
water pressure stabilized, the shallower the burial depth was, and the closer the pore water
pressure of the soil was to the vacuum pressure under the membrane −80 kPa. In the early
stage of vacuum preloading, the vacuum pressure under the membrane rapidly reached
−80 kPa within 8 h. Then, the vacuum negative pressure was quickly transmitted to the
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sand drain and gradually transmitted to the soil. This would cause a rapid decrease in pore
pressure in the soil. After the seepage of water in the soil reached equilibrium, the pore
pressure of the soil at various depths would gradually stabilize. The depth of influence of
vacuum preloading could be determined by the numerical value of pore pressure after the
pore pressure stabilized.
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Figure 8. Layered pore water pressure–time curve.

The pore water pressure in soil is composed of pore water pressure formed by pres-
sure conditions and pore water pressure formed by load action. The static water pressure
below the groundwater level and the pore water pressure caused by seepage belong to the
pore water pressure formed by pressure conditions. The pore water pressure formed by
surcharge belongs to the pore water pressure formed by load action. In the calculation, we
assumed that the groundwater level was level with the ground, and there would be static
pore water pressure in the soil, which increased linearly from 0 along the depth. The vac-
uum action causes water to flow in the soil, and the resulting seepage force generates pore
water pressure, which belongs to the pore water pressure formed by pressure conditions.
In addition, the vacuum effect causes the soil to be subjected to isotropic pressure, which
will generate pore water pressure formed by load action. Therefore, the variation in pore
water pressure in soil under vacuum is very complex. Before applying vacuum, there is
static pore water pressure in the soil. After applying vacuum, the transmission of negative
pressure and the seepage of water will gradually change the pore water pressure in the
soil from static pore water pressure, and the process is quite complex. Through simulation
analysis, it can be concluded that the pore water pressure in the soil gradually decreases to
a stable value. After seepage equilibrium, the pore water pressure in the soil at a depth
of 16 m is almost zero. This indicates that there is no vacuum negative pressure effect at a
depth of 16 m after 30 days, and the vacuum preloading can affect a depth of up to 16 m.

Figure 9 shows the variation curve of calculated and measured pore water pressure
with time at the depths of 4 m and 6 m. The calculated curve is smooth, while the measured
curve fluctuates greatly. Their changing trends are consistent.
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Figure 9. Pore water pressure–time change curve at 4 m and 6 m depth.

4.3. Comparison between Numerical Solution and Analytical Solution of Pore Pressure

Based on the classic consolidation equation of a single sand-drain foundation under
the condition of axial symmetry and equal strain, the authors assumed the upper and
lower boundaries of the foundation as semi-permeable conditions, combined them with the
actual construction conditions, deduced the analytical calculation formula of pore water
pressure, and calculated the analytical calculation value, as shown in Figure 10.
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A paper on the analytical method was published by the Chinese journal Journal of
Highway and Transportation Research and Development in April 2023. The analytical solution
can be calculated according to Formula (1).

_
u =

[
p0(z)− u0

(
E
H

z − D
)]

e−
Es

γwf(z) t
+ u0

(
E
H

z − D
)

(1)

The change trends of the analytical solution, numerical solution, and measured value
are consistent. However, due to too many assumptions and simplified conditions in the
derivation of the analytical formula, there is a large gap between the analytical solution
curve and the measured value curve. The numerical calculation results are more consistent
after 20 days of vacuum action, mainly because the vertical seepage of water in the soil is
considered, and the soil layer division is more refined.
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The formula for the analytical solution is quite complex. In the derivation process, we
considered the reinforced soil layer as a layer of soil. Due to the presence of the sand drain,
we only considered the radial seepage of water in the soil and did not consider the vertical
seepage of water in the soil. In addition, the parameter calculation of the semi-permeable
boundaries at the top and bottom of the soil layer had a certain degree of empiricism.
Therefore, the difference between the calculated results of the analytical solution and the
measured values is relatively large. However, their changing trends are basically consistent.
In the future, we will further research and improve the computational accuracy of analytical
solutions.

The numerical calculation results are superior to the analytical calculation results.
Numerical calculations have to some extent overcome the shortcomings of the above
analytical calculation methods. For example, the modeling of numerical calculations is
more in line with the actual situation of soil layers; the numerical calculation considers
the vertical seepage of water in the soil, and so on. However, the determination of how
numerical calculation methods can improve the accuracy of results is also a process of
continuous research.

The measured values are the most realistic. However, the cost of measured values is
the highest. The actual measurement method also needs to be supported by actual projects.
These are not easy to implement.

In summary, this analytical solution can roughly predict the trend of pore pressure
changes, and numerical solutions can accurately predict the amplitude of changes in pore
pressure.

5. Conclusions

Based on the principle of the finite difference method, this study used FLAC3D
software to compile a command flow program for the test project of vacuum preloading soft
foundation reinforcement of the Beijing–Shanghai high-speed railway, and it established
a fluid–solid coupling calculation model for vacuum preloading of a single sand-drain
foundation. The following conclusions were obtained after calculation:

(1) The top surface and sand drain can be regarded as load boundary conditions for
vacuum preloading to strengthen a soft foundation. The node pore water pressure at
these places is assigned to a negative value, the top surface is set to a constant value
of −80 kPa, and the sand drain is set to a gradient of −80 kPa to 0 kPa from top to
bottom. In this way, the response of the soil consolidation process is more reasonable.

(2) After 30 days of vacuum action, the settlement rate at all depths of the soil decreased
significantly, and the soil layer gradually stabilized. It is appropriate to set the time of
vacuum preloading at 2–4 months.

(3) The transfer time and action magnitude of negative pore water pressure under vacuum
are different, which makes the consolidation time and consolidation degree of soil at
the same depth uneven. This is reflected in the large deviation between the measured
value and the calculated value of settlement in the period of 5–30 days. However,
with the extension of time, the pore water pressure in the soil tends to be stable
after 30 days. At the same depth, unbalanced consolidation changes to balanced
consolidation, which makes the measured value of settlement gradually consistent
with the calculated value.

(4) The change time of soil pore water pressure under vacuum is approximately 30 days.
After 30 days, the pore water pressure at each depth of the soil layer tends to be
stable. The influence depth of vacuum preloading can reach 16 m, and the pore water
pressure of soil below 16 m is stable at a positive value.
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