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Abstract: The drainage consolidation method can reduce porosity to consolidate soft soils. In this
study, a novel siphon drainage method is used as the drainage consolidation method to lower the
groundwater level. Compared to other drainage methods, the siphon drainage method is power-
free, environmental-friendly, and highly efficient. Numerical simulations are conducted to verify
the feasibility of the siphon drainage method on soft soil treatment. In addition, the effects of
soil permeability and drainage hole spacing on its application efficiency have been studied. The
results show that: (a) The siphon drainage method can accelerate the consolidation by lowering the
groundwater level; (b) The larger the soil permeability is, the faster the pore water pressure decreases;
(c) Adopting 1 m hole-spacing in the siphon drainage is much more efficient than methods which
have a 2 m hole-spacing. In addition, the siphon drainage method is proven the effective in soft soil
foundation treatment by a field test in Zhoushan, Zhejiang Province.
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1. Introduction

Soft soils, which have the characteristics of high compressibility, high water content,
and low strength, are widely distributed in coastal areas [1,2]. To construct engineering
infrastructures on soft soils, the foundation must be treated to resist the applied loads.

In some projects, engineers adopt measures such as lightening the superstructure [3] or
using the soil cushion [4] to reduce the additional loads on soft soil foundations. However,
these measurements are not suitable for every project due to their high-economy cost.

Methods to strengthen and improve the soft soil foundation have been developed.
With respect to soft soils with high water content, the most practical way to treat the
foundation is to adopt the drainage consolidation method [5,6]. The drainage consolidation
method is a reinforcement treatment to reduce the porosity of soft soils [7]. When the
pore water is discharged, the soil will be drained and consolidated [8,9]. The pore volume
of the soil will decrease, and the shear strength will increase, which can achieve the
purpose of reducing post-construction settlement and improving the bearing capacity of
the foundation [10,11].

The drainage consolidation method normally consists of a drainage layer on the
surface and a vertical drainage body under the ground, which can effectively shorten
the maximum drainage distance and greatly reduce the time for soil consolidation. The
drainage layer on the surface usually adopts a sand cushion [12,13]. The vertical drainage
body was initially a sand well [14], and then was gradually replaced by prefabricated
vertical drains [15,16].

It is common to apply a ditch drainage method or well point drainage method to lower
the groundwater level [17]. For the ditch drainage method, the major measurement is used
to construct the drainage ditches and connecting wells [18]. The pumping machine is used
to continuously discharge the groundwater from the connecting wells to dry the soils in
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the surface areas. However, this method is time-consuming and labor-intensive with less
efficiency. For well point drainage, the major measurement is to use well holes to pump the
groundwater in the foundation. There are several types of well point drainage, for example,
light well point drainage, jet well point drainage, tube well point drainage, electroosmotic
well point drainage, etc. [19]. With respect to soft soils, the low permeability (usually less
than 10−6 cm/s) makes the above measurements less applicable except for electro-osmotic
well point drainage. However, due to the high cost of both economy and energy, the electro-
osmotic well point drainage is not well adopted. Therefore, developing a time-efficient and
cost-efficient manner to lower the groundwater level in soft soil foundations provides great
value in engineering construction.

The siphon phenomenon is an ancient discovery, which is caused by the molecular
gravity of the molecules of a liquid and different potential energy [20]. It is often used
for drainage of slopes with large permeability coefficients [21,22]. As reported in the
previously published literature, a drainage method based on the siphon phenomenon
has been developed and has achieved excellent results in many landslide control projects.
Gress [23,24] designed an automatic siphon drainage system for slopes, in a patent, with
10–30 mm diameter pipes. The team of Sun [25,26] concentrated on the application of
millimeter siphon pipe diameters for potential landslide water table precipitation. Siphon
drainage is usually applied to soil with a large permeability coefficient. The corresponding
research is required to verify whether the siphon drainage is applicable to soft soil with low
permeability. Some scholars have carried out physical simulation tests in the early stage
to examine the feasibility of siphon drainage technology in soft soil foundation [27,28].
However, these studies only stay at the stage of the small-scale model test, and there is still
a lack of large-scale field tests and verification.

In the traditional application (such as landslides) of siphon drainage, (a) the drainage
is usually continuous (the drainage time can last several hours or even several days at a
time), and (b) there exists terrain with a natural elevation difference. The application of
the siphon drainage method in soil with a large permeability coefficient has achieved good
results [29,30]. It can quickly collect and discharge the water in the soil, effectively lower the
groundwater level, and improve the stability of the slope. However, in the application to a
large-area of soft soil foundation, (a) due to low permeability, the drainage is intermittent
(the drainage time can usually last several minutes at a time), and (b) there is no terrain
with a natural elevation difference. Therefore, the traditional siphon drainage method is
not applicable to the soft soil foundation. This manuscript proposes a siphon drainage
method in which the terrain height difference required for siphon drainage is formed by
artificially setting up pumping wells. Through the arrangement of dense holes to collect
groundwater in low-permeability soil, the principle of the siphon is used to achieve the
purpose of unpowered drainage, which solves the difficulty of the extremely low efficiency
of direct pumping. Numerical simulations are conducted to verify the feasibility of the
siphon method in soft soil consolidation. In addition, a field test in Zhoushan, a city in
Zhejiang Province in China, confirmed the effectiveness of siphon drainage in soft soil
foundation treatment.

2. Theoretical Basis of Siphon Drainage in Soft Soil Consolidation

As reported in the previous works of literature, the groundwater level can be success-
fully lowered by siphon drainage. Lowering the groundwater level can have both a direct
effect and an indirect effect on the acceleration of the consolidation.

The direct effect is that lowering the groundwater level can increase the effective stress.
When the groundwater level decreases, the weight of soils in the areas of reduced water
level change from the original buoyant weight γ′ to the natural weight γ. This change can
accelerate the consolidation of not only the soils above the groundwater level, but also
those below the groundwater level. For the former, the effective stress has been increased.
As for the soils in the deep, the loads applied to them have increased.



Appl. Sci. 2023, 13, 3633 3 of 18

To better describe the influence of siphon drainage on soil consolidation, a diagram of
the drainage method by the siphon tube is provided in Figure 1. As shown in the figure,
there is a descending funnel during the siphon drainage. Point C and D in Figure 1 are two
position points with different heights.
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Figure 1. Diagram of groundwater level in soil mass before and after siphon drainage (Point A is
at the surface, point B is at the initial groundwater level, point C is at the groundwater level after
drainage, and point D is below the groundwater level after drainage).

For position C, the vertical effective stress before the drainage σ
′
zC is:

σ′zC = hABγ + hBCγ′

where hAB and hBC are the vertical heights between A and B, as well as B and C, respectively.
When the groundwater level decreases, the vertical effective stress σ

′
zC is:

σ′zC = hABγ + hBCγ′

Therefore, the increment of vertical effective stress at C is:

∆σ′zC = hBC(γ− γ′)

As for position D, the effective stress before the drainage is:

σ′zD = hABγ + hBDγ′

When the groundwater level decreases, the corresponding effective stress at D is:

σ′zD = hABγ + hBCγ + hCDγ′

Therefore, the increase in vertical effective stress at D is:

∆σ′zD = hBC(γ− γ′)

The increase in effective stress at C and D are the same. Since the natural weight is al-
ways larger than the buoyant weight, the effective stress can be increased if the groundwater
level decreases.

Compared with other drainage methods, the siphon drainage method is not affected
by the slow seepage rate of groundwater. It can slowly transport the groundwater in soft
soil into the pump well and then discharge it quickly by the pump. Thus, it is an energy-
saving, environment-friendly, and easy-operated method. A schematic of the application
of the siphon drainage method in soft soils treatment is provided in Figure 2.
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Figure 2. Schematic diagram of siphon drainage profile structure in soft soil.

As shown in Figure 2, the siphon drainage system includes the following parts: siphon
drainage hole, siphon pipe, a pump well, pumping pipe, and a water pump. The working
principle of the siphon drainage method for soft soil foundation is as follows: Insert one end
of the siphon pipe into the siphon drainage hole formed in soft soil foundation, and put the
other end of the siphon pipe into the pump well. After the siphon is activated, the water in
the soft soil will collect into the siphon drainage hole and be drawn out by the siphon pipe.
If the depth of the siphon pipe penetrated into the soil exceeds the limit lift of the siphon,
the siphon pipe will always be submerged in the groundwater without interruption. The
water level in the pump well is controlled by an intelligent controller to keep it below the
limit lift depth of the siphon, so there is a water level difference at both ends of the siphon
pipe, and the siphon drainage process can continue. With the decline of the groundwater
level in the soil, the effective stress of the soil increases continuously, and then consolidates
to achieve the purpose of foundation treatment. When the siphon drainage system is
activated, the groundwater can be continuously drained to the pump well by the siphon
pipe without any power. The siphon drainage process will be maintained as long as the
groundwater lever in the pump well is lower than that in the soft soils. It is important to
maintain the water level in the pump well at a low level by pumping.

Theoretical analysis shows that siphon drainage is feasible in soft soil. It is necessary
to prove the feasibility by the numerical simulation and the field test.

3. Numerical Simulation of Feasibility of Siphon Drainage in Soft Soil Consolidation
3.1. Numerical Models

In order to verify the feasibility of siphon drainage in soft soil consolidation, numerical
simulations are conducted. The software ABAQUS is used to simulate the siphon drainage
to deal with the water level change. The water–soil coupling finite element model of soft
soil foundation drainage is established based on Biot’s consolidation theory. In addition,
the influences of drain spacing d and soil permeability on the effect of siphon drainage are
also studied.

Siphon pipes are the main tools for siphon drainage, and will be arranged with a large
amount in a soft soil foundation. In the numerical model, it is assumed that the siphon
drainage holes are arranged in a square form, and the drawdown of the water head in each
siphon hole is the same. When solving the groundwater level, according to the mirror image
method and the superposition principle of the planar seepage theory, for the problem of
equal-flow group wells working at the same time in an infinite aquifer, it can be equivalent
to a single well in a rectangular aquifer whose boundary is a water-resistant boundary
question. Therefore, a single drainage element whose side length is the well spacing can be
used to simulate the situation of large-scale precipitation after setting the boundary as an
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impermeable boundary (see Figure 3). According to the principle of symmetry, the seepage
field between adjacent drainage holes has a symmetrical distribution in the homogeneous
soft layer, which means that the flow at the middle of each drainage hole does not flow
horizontally. Therefore, with respect to a single siphon drainage hole, the position of the
midpoint between holes can be regarded as an impermeable boundary, and the area within
the boundary range is the corresponding influence range of the drainage hole. Thus, when
the drainage holes are arranged in a square, the analyzed zone of the numerical model can
be set as the square columnar area around the drainage hole with a distance d between two
adjacent holes. The mesh schematic of the model is shown in Figure 4.
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The conditions of the numerical model are set as follows: (a) The surrounding sides of
the model constrain the movement in the horizontal direction; (b) The bottom of the model
constrains the movement in both horizontal and vertical directions; (c) The side walls of
the drainage holes constrain the movement in the horizontal direction; (d) The bottom and
the surroundings of the model are impermeable boundaries, through which the flow rate
equals zero; (e) The side walls of the drainage holes are drainage boundaries. Considering
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that the siphon lift is limited by atmospheric pressure, the water level drop in the drainage
holes is set to 10 m.

In the numerical model, the vertical thickness of the aquifer, that is, the vertical height
of the model, is taken as 20 m. The horizontal direction of the model is a square whose
side length is the drainage well spacing d. The drainage hole is located in the middle, and
the radius is 0.03 m. The analysis step is taken in 1 day, and there are 100 days in total.
Different drain spacing (0.8 m, 1 m, 1.5 m, and 2 m) and soil permeability (1 × 10−7 cm/s,
2 × 10−7 cm/s, 5 × 10−7 cm/s, and 1 × 10−6 cm/s) are adopted in the numerical simula-
tions. The soil model adopts the modified Cambridge model.

Due to symmetry, there is no water flow on the side of the model, which is set as an
undrained boundary. The bottom of the model is considered to be an impermeable layer,
which is also set as an undrained boundary. Since the flow velocity of the siphon is much
greater than the speed at which water collects into the siphon drainage hole, the side wall
of the siphon drainage hole is a free drainage boundary. The bottom of siphon drainage
hole is also set as an undrained boundary.

Due to the limitation of atmospheric pressure, the head of the siphon is only about
10 m, which will control the water level in the drainage hole to 10 m under the ground. In
the simulation, the pore water pressure of the drainage hole 10 m below the surface is set to
0 to represent the effect of the siphon on the drainage, i.e., the siphon process is simulated
by changing the boundary condition of the siphon drainage hole.

For the square column model, since the siphon drainage hole is at the center, the
position where the groundwater level drops the least is the corner position of the square
column farthest from the hole. Therefore, the effectiveness of siphon drainage can be
identified by the pore pressure at the corners of the square cylinder model.

3.2. Results and Discussion
3.2.1. Vertical Pore Pressure

Figure 5 shows the vertical pore water pressure when the hole spacing is 2 m. As
shown in Figure 5, the vertical pore water pressure at different depths decreases gradually
over time. With respect to different soil permeability, however, the pore pressure drops at
different rates for different parts. The results show: (a) the larger the soil permeability is,
the faster the decrease rate of soil drops; (b) the pore water pressure nearest the drainage
hole drops the fastest, and pore water pressure near the surface of the foundation drops
faster than the deep parts; (c) the groundwater level decreases and remains at the depth of
6m after 50~100 days consolidation.

From the details, the soil permeability has a great influence on the consolidation
by siphon drainage. With respect to soft soils in which the permeability is 10−7 cm/s,
after 100 days of consolidation, the pore water pressure at the depth of around 8 m is
about 10 kPa. However, with respect to soft soils in which the permeability is 10−6 cm/s,
the pore water pressure of soft soils buried at the depth of around 8 m is nearly zero
after only 50 days. It shows that the pore water pressure of soils is sensitive to the soil
permeability. The larger the permeability is, the faster the consolidation is. Siphon drainage
can significantly accelerate the consolidation of soft soils with greater permeability.

Figure 6 shows the vertical pore water pressure when the hole spacing is 1m. The
results on the influences of different permeabilities are nearly the same with the condition
that drain spacing is 2 m. From the details, the consolidation of soft soils is much faster than
the same method with 1m drain spacing. With respect to soft soils in which the permeability
is 10−7 cm/s, after 50 days of consolidation, the pore water pressure of the soft soils buried
at the depth of around 8 m has become nearly zero, which only requires half the time for
the 2 m drain spacing condition. With respect to the soft soils in which the permeability
is 10−6 cm/s, the pore water pressure of soft soils buried at the depth of around 8 m can
become zero only in 5 days.
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Figure 5. Vertical distribution of soil pore water pressure at corner of square column at siphon hole
spacing d = 2 m.
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3.2.2. Pore Water Pressure at the Depth of 10 m from the Corner of Square Column

The changing trend of pore water pressure at the corner of the square column with
10 m depth is nearly the same under different drain spacing conditions, as shown in
Figure 7. Under the siphon drainage, the pore pressure is always decreasing. When the
siphon drainage begins, the pore water pressure drops rapidly at first. Then, as time
increases, the pore water pressure decreases gradually.
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Figure 7. Pore water pressure at depth of 10 m at the corner of the square column changes over time.

When the hole spacing is the same, the larger the permeability is, the faster the pore
pressure drops rate is. When the soil permeability is the same, the smaller the drainage hole
spacing is, the faster the pore pressure drop rate is. From the details, for the soils in which
the permeability is 10−7 cm/s, it needs 74 days for 2 m hole-spacing condition to reduce
the pore water pressure at the corner of the square column at 10 m depth into 40 kPa. As a
comparison, it only needs 12 days for 1m hole-spacing condition to achieve the same pore
water pressure. Thus, the spacing of siphon holes can be determined by the permeability
of soft soils and the requirements of the construction period to achieve a balance between
time and economy.

Figure 8 shows the variation of pore water pressure with time at a depth of 10 m in the
soil under different hole spacing. As the drainage hole spacing decreases, the dissipation of
pore water pressure in the soil is more rapid in the early stage of drainage, and reaches a
steady state faster. In terms of drainage effect, reducing the hole spacing will also reduce
the water level to a lower level within a specified time. A better processing effect has
been achieved.

3.2.3. Pore Water Pressure at the Depth of 20 m from the Corner of Square Column

Figure 9 provide the pore pressure at the corner of the square column with 20 m depth.
At the bottom of the model, at a depth of 20 m, the change of pore pressure is quite different
from the pressure at the depth of 10 m. In the beginning, the pore pressure at the bottom of
the model has almost no change. In addition, the smaller the permeability is, the less the
change in the previous days is and the longer the change begins. It can be seen that there is
a certain time lag in the decline of pore pressure drops at the depth of 20 m, and the lag
time increases as the permeability decreases.
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Figure 9. Pore water pressure at a depth of 20 m at the corner of the square column changes over time.
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According to the conclusion obtained from the numerical simulation, we have de-
signed the spacing of the field test in order to verify the feasibility of the method.

4. Field Test of Siphon Drainage in Soft Soil Consolidation
4.1. Engineering Geological Condition

The field test is located in the reclamation area in Zhoushan, which has been blown
into the land. The quaternary soil layers in the reclamation area are mainly muddy silty
clay and muddy silty clay mixed with silty fine sand. The soft soil layer is relatively thick,
with an average depth of more than 30 m. The soil has high water content, large void
ratio, high compression properties, low strength, and low permeability, which all belong to
under-consolidated soil with extremely poor engineering properties.

In order to have a better description of the engineering geological conditions of the
test area, a supplementary investigation was carried out on the siphon drainage test area.
According to engineering geological drilling, the main formations are distributed from the
top to bottom: flushing soil, grayish-yellow silty clay, gray silty clay, silty clay, and strongly
weathered tuff. The details are as follows:

Flush fill (Q4): artificial fill, gray, grayish yellow, fluid plastic. Contains a small amount
of shell fragments and partially contains gravel. The main components are muddy silty
clay and muddy clay, formed by later filling, and the soil quality is uneven. The thickness
of the soil layer is 8.7–10.2 m.

Muddy silty clay (Q4): marine sedimentary layer, gray-yellow, fluid plastic, saturated,
rich in various organic matter such as shell fragments and animal carrion, with rancid
smell, high dry strength, high toughness, smooth cut surface, uneven soil quality. The
thickness of the soil layer is 6.1–7.3 m.

Muddy silty clay (Q4): marine sedimentary layer, gray, fluid plastic, saturated, con-
taining a small amount of shell fragments and saprophytes, with a fishy smell, partially
sandwiched with a thin layer of silt, high dry strength, high toughness, smooth cut surface,
uneven soil quality. The thickness of the soil layer is 9.4–11 m.

Silty clay (Q3): alluvial layer, gray-yellow, brown-yellow, containing a small amount
of iron and manganese spots and oxide nodules, partly sandwiched with silt agglomerates,
high dry strength, uneven soil quality. The thickness of the soil layer is 0–2.8 m.

Strongly weathered tuff (J3): gray-yellow, brown-yellow, tuffaceous structure, massive
structure, main mineral components are quartz, feldspar, etc. The original rock structure
has suffered some damage. Joints and fissures are well developed, and the fissure surface
is filled with ferromanganese, oxidation, and other secondary minerals. The core is sandy
and fragmented.

The main physical parameters based on the borehole geotechnical tests are shown
in Table 1. It can be seen that the permeability coefficient of the site soil is between
1 × 10−7 cm/s and 2 × 10−7 cm/s. The permeability coefficient of a few places can
reach 5 × 10−7 cm/s.

Table 1. Summary of geotechnical test results of soil physical properties.

Soil Moisture
Content (%)

Wet Density
(g/cm3)

Dry Density
(g/cm3) PORE RATIO Plastic Index

Vertical
Permeability
Coefficient

(cm/s)

Horizontal
Permeability
Coefficient

(cm/s)

Compressibility
a1–2 (MPa−1)

stamped soil 38.9 1.81 1.31 1.13 16.2 4.2 × 10−7 5.78 × 10−7 0.95
gray-yellow

silty clay 40.5 1.78 1.27 1.15 14.7 2.2 × 10−7 1.6 × 10−7 1.08

gray silty clay 41.3 1.78 1.26 1.17 15.1 2.2 × 10−7 1.7 × 10−7 0.87
silty clay 29.7 1.92 1.5 0.83 14.5 1.1 × 10−7 4.8 × 10−7 0.39

4.2. Field Test in Zhoushan

Field test is conducted in Zhoushan to study the effects of the siphon drainage method.
The test site is selected in a 10 × 15 m area. Firstly, the permeable pipes with one end of the
siphon pipes in them are inserted into the soil to form siphon drainage holes through the
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construction machine (Figure 10a). The average depth of the siphon drainage holes is 18 m.
Then put the other end of the siphon pipes into the pump well and start the siphon process
(Figure 10b). Automatic control of the pump ensures that the water level in the pump well
is always below 15 m, allowing groundwater to flow continuously into the well.

Appl. Sci. 2023, 13, 3633 12 of 18 
 

Table 1. Summary of geotechnical test results of soil physical properties. 

Soil 
Moisture 
Content 

(%) 

Wet Den-
sity (g/cm3) 

Dry Den-
sity (g/cm3) 

PORE 
RATIO 

Plastic 
Index 

Vertical Perme-
ability Coeffi-

cient (cm/s) 

Horizontal 
Permeability 
Coefficient 

(cm/s) 

Compressibility 
a1–2 (MPa−1) 

stamped soil 38.9 1.81 1.31 1.13 16.2 4.2 × 10−7 5.78 × 10−7 0.95 

gray-yellow 
silty clay 40.5 1.78 1.27 1.15 14.7 2.2 × 10−7 1.6 × 10−7 1.08 

gray silty clay 41.3 1.78 1.26 1.17 15.1 2.2 × 10−7 1.7 × 10−7 0.87 

silty clay 29.7 1.92 1.5 0.83 14.5 1.1 × 10−7 4.8 × 10−7 0.39 

4.2. Field Test in Zhoushan  
Field test is conducted in Zhoushan to study the effects of the siphon drainage 

method. The test site is selected in a 10 × 15 m area. Firstly, the permeable pipes with one 
end of the siphon pipes in them are inserted into the soil to form siphon drainage holes 
through the construction machine (Figure 10a). The average depth of the siphon drainage 
holes is 18 m. Then put the other end of the siphon pipes into the pump well and start the 
siphon process (Figure 10b). Automatic control of the pump ensures that the water level 
in the pump well is always below 15 m, allowing groundwater to flow continuously into 
the well. 

 

 

(a) (b) 

Figure 10. The figures of field test. (a) Construction of siphon drainage holes. (b) Top view of field 
test. 

In order to find the change in groundwater level in the soft soil foundation during 
the siphon drainage process, water level gauges were placed in some siphon drainage 
holes. To understand the effect of the siphon drainage method, the surface settlement de-
formation monitoring and the layered settlement monitoring were carried out on site. The 
layout of on-site monitoring holes and monitoring points is shown in Figure 11.  

Figure 10. The figures of field test. (a) Construction of siphon drainage holes. (b) Top view of
field test.

In order to find the change in groundwater level in the soft soil foundation during the
siphon drainage process, water level gauges were placed in some siphon drainage holes. To
understand the effect of the siphon drainage method, the surface settlement deformation
monitoring and the layered settlement monitoring were carried out on site. The layout of
on-site monitoring holes and monitoring points is shown in Figure 11.
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In order to verify the consistency between the numerical model and the field test
results, a numerical model was established with nine siphon drainage holes as the unit
based on the field geological condition. The horizontal direction of the model is a rectangle
with a side length of 2.7 m, and the siphon drainage holes are distributed in a rectangular
manner with a spacing of 0.9 m. According to the results of the geotechnical test, the
vertical depth of the model is set to 22 m (see Figure 12). In addition, it is divided into
11 layers. The soil parameters of each layer are shown in Table 2. The siphon drainage holes
are drilled at a depth of 18 m. When draining water, the surrounding eight siphon pipes are
working. The central well is a groundwater level monitoring hole. The surface settlement
monitoring point is located between two siphon drainage holes, which is consistent with
the field test. The rest of the condition settings are the same as above.
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Table 2. Soil physical properties of numerical model.

Soil Layers Moisture
Content (%)

Wet Density
(g/cm3)

Dry Density
(g/cm3) Pore Ratio Plastic Index

Vertical
Permeability
Coefficient

(cm/s)

Horizontal
Permeability
Coefficient

(cm/s)

Compressibility
a1–2 (MPa−1)

1 46.1 1.74 1.19 1.284 14.0 0.83
2 41.7 1.78 1.26 1.165 13.6 4.21 × 10−7 5.78 × 10−7 0.95
3 43.6 1.77 1.23 1.215 14.7 0.97
4 50.5 1.70 1.13 1.417 14.1 3.90 × 10−7 6.30 × 10−7 1.21
5 48.3 1.71 1.15 1.368 15.5 1.06
6 43.8 1.77 1.23 1.210 13.9 0.73
7 54.1 1.66 1.08 1.544 18.2 1.69 × 10−7 2.54 × 10−7 0.13
8 48.2 1.72 1.16 1.361 17.5 1.18
9 48.1 1.72 1.16 1.359 17.6 2.50 × 10−7 3.93 × 10−7 0.82

10 46.4 1.74 1.19 1.314 20.3 1.06
11 57.8 1.63 1.03 1.653 17.4 1.71 × 10−7 2.49 × 10−7 1.07

4.3. Changes of Groundwater Level during the Siphon Drainage

As shown in Figure 11, there are six monitoring holes in total. Expect for monitoring
holes #5 and #6, the other holes are also the siphon drainage holes.

4.3.1. Changes of Groundwater Level in Siphon Drainage Holes

As shown in Figure 13, the groundwater level drawdown in drainage holes reaches
more than 9 m, which is close to the limit lift of the siphon. The fluctuation range of the
drawdown is within 0.6 m, indicating that the siphon drainage process is stable.
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4.3.2. Changes of Groundwater Level in Normal Holes

There was no drainage in monitoring holes #5 and #6. The groundwater level in
them reflected the influence of other drainage holes around them. The drawdown of the
groundwater level was about 2–3 m, which is relatively small, even though the drawdown
process is stable, as shown in Figure 14.

It can be seen that the groundwater level in the groundwater level monitoring hole had
a hysteresis, and it began to drop slowly about 5 days after the start of the siphon drainage,
which is consistent with the results obtained in the field test results. Since the groundwater
level at the site is not completely located on the soil surface, the drawdown obtained by the
initial numerical solution is smaller than the measured data. The change in groundwater
level in the later stage shows a relatively stable decline, which is consistent with the trend
of the field test results. However, due to the influence of evaporative discharge and other
factors in the field test, there is a certain degree of volatility, and the precipitation rate in the
field test is slightly lower than the numerical solution. After about 25 days of precipitation,
the water level in the observed well points dropped to about 3 m from the surface, which
was about 3.7% different from the field test results, showing that the numerical solution
can effectively simulate the change of groundwater level in the soil. The numerical solution
is consistent with the field test results in the overall trend.

4.4. Subsidence of Soil during Siphon Drainage
4.4.1. Subsidence on Soil Surface

To monitor the subsidence and deformation of soft soils during siphon drainage, there
are six monitoring points on the surface and one monitoring hole to monitor the vertical
settlement. The details can be seen in Figure 11.

The subsidence on the soil surface is shown in Figure 15. The deformation rate is
relatively fast in the initial stage, and then becomes stable in a constant velocity. In terms
of settlement, the numerical solution and the field test results show a relatively consistent
trend. In the initial stage of settlement, the two rates are basically the same. In the middle
term, the subsidence rate fluctuated to a certain extent due to the difference in formation
compressibility coefficient, and then stabilized. The subsidence rate is basically consistent
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with the precipitation rate, and the rapid fluctuation of the on-site water level in a short
period of time leads to a certain difference between the subsidence results of the field test
and the numerical solution in the later stage. After 25 days of drainage and consolidation,
the settlement obtained by the numerical solution was about 200 mm, which is relatively
close to the measured values, showing that the numerical solution can effectively simulate
the deformation of the soil during the drainage and consolidation process.
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4.4.2. Subsidence in the Vertical

To evaluate the subsidence of soils vertically, a vertical monitor hole equipped with
a layered settlement rod is set in the center of the field test area. The total length of the
layered settlement rod is 16m. There are 7 magnetic rings arranged on the rod, and the
interval between each other is 2 m. Before the test started, the magnetic rings #1-7 are 2, 4,
6, 8, 10, 12, and 14 m below the ground, respectively. The monitoring results during the
test are listed in Table 3. The deformation at different depths in the vertical monitor hole
generally shows a gradual decrease from the surface to the bottom. The siphon drainage
not only produces compressive deformation in the groundwater level drop area, but also
produces compressive deformation below the groundwater level. There are two main
reasons to explain the above phenomenon: (a) Siphon drainage lowers the groundwater
level. Thus, the weight of soils changed from buoyant weight to natural weight, which
increases the additional stress; and (b) pore pressure of soils below the groundwater level
decreases. In a word, siphon drainage can produce a good consolidation effect by lowering
the groundwater level of soft soils.

Table 3. Layer sedimentation monitoring results (unit: mm).

Days
Magnetic Ring

01 02 03 04 05 06 07

24 December 2021 0 0 0 0 0 0 0
28 December 2021 −19 −19 −17 −15 −8 1 10
30 December 2021 −33 −34 −31 −22 −17 −1 12

3 January 2022 −81 −85 −82 −71 −59 −35 −15
7 January 2022 −117 −123 −119 −102 −88 −60 −33
9 January 2022 −148 −152 −148 −125 −111 −77 −48
12 January 2022 −158 −161 −157 −131 −119 −80 −51
15 January 2022 −198 −200 −189 −158 −142 −102 −68
18 January 2022 −236 −232 −219 −187 −169 −123 −88

5. Conclusions

The drainage consolidation method is widely applied to strengthen the soft soil founda-
tion. However, with respect to the thick foundation, the traditional drainage consolidation
method tends to be less effective for the soils in the deep. It would be beneficial for the
drainage consolidation method to combine with methods lowering the groundwater.

The siphon drainage method is a power-free and easy-operated method to lower the
groundwater level at a certain depth below the soil surface. By artificially setting the height
difference in the groundwater level, this method utilizes the principle of siphon without
power to achieve efficient drainage of large areas of low-permeability soft soil. As a result,
the buoyant weight of soils over the flow profile is changed to natural weight, which makes
the preloading of the drainage consolidation method more efficient.

Numerical simulations were conducted and validated the feasibility of the siphon
drainage method in the soft soil treatment. In addition, its rationality was verified by
comparing with the field test results. Moreover, the influence of soil permeability and drain
hole spacing is studied. The results show that: (a) When the drain hole spacing is the same,
the larger the soil permeability is, the faster the drop rate of pore pressure is. (b) When
the soil permeability is the same, the smaller the drain hole spacing is, the faster the drop
rate of pore pressure is. (c) The process of drainage has a lag time in the bottom of the soil.
(d) By comparing with the test results, the trend reflected by the numerical model has a
high degree of fitting with the actual situation, and it can be applied to the prediction in
actual engineering.

The field test was conducted in Zhoushan. The test results show that: (a) The ground-
water level drawdown in drainage holes reached more than 9 m, which was close to the
limit lift of the siphon. (b) The deformation rate of the subsidence on the soil surface was
relatively fast in the initial stage, and then became stable in a constant velocity during
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siphon drainage. (c) From surface to bottom, the deformation decreased. The siphon
drainage not only produced compressive deformation in the groundwater level drop area,
but also produced compressive deformation below the groundwater level.
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