
applied  
sciences

Article

The Seepage and Soil Plug Formation in Suction
Caissons in Sand Using Visual Tests

Liquan Xie , Shili Ma * and Tiantian Lin

College of Civil Engineering, Tongji University, Shanghai 200092, China; xie_liquan@tongji.edu.cn (L.X.);
gotobest8@163.com (T.L.)
* Correspondence: ma_shili@163.com; Tel.: +86-191-2176-3067

Received: 4 December 2019; Accepted: 8 January 2020; Published: 13 January 2020
����������
�������

Abstract: The rapid development of offshore wind energy in China is becoming increasingly relevant
for movement toward green development. This paper presents the results of visual tests of a suction
caisson used as foundation for offshore wind turbines. The distribution of hydraulic gradients of
sand at the mudline in the caisson was obtained to find out the relationship with the heights of soil
plugs. The relationship equation was proposed and obtained by using quadratic regression, guiding
project designs, and construction. It was found that there was no soil plug in the caisson when small
suction was applied during the suction penetration. The relationship between the heights of the soil
plugs and the hydraulic gradient of the soil was proposed and obtained by using quadratic regression
to predict (roughly) the height of soil plugs in suction caissons in sand during suction penetration.
The influence of settlement outside caissons on the soil plug was found to decrease as the buried
depth rose.
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1. Introduction

In the past few decades, it has become increasingly important to rapidly develop the offshore wind
industry, which provides practical sources of energy with a low carbon footprint [1,2]. Foundations
play an important role in guaranteeing the safe operation of offshore wind turbines [3]. The suction
caisson, being installed economically and efficiently into soil deposits, has been increasingly used as a
competitive foundation for offshore wind turbines in deep water [4,5]. A suction caisson is a large
cylindrical structure that is typically made of steel, open at the bottom and closed at the top [6]. To set
up a perfect offshore wind turbine, two aspects need to be considered for the engineering design of this
foundation: suction installation and in-service performance [7]. The capacity of suction caissons as the
foundation for offshore wind turbines is enhanced by means of peripheral embedded thin walls, which
confine the internal soil [8]. A caisson is installed by penetrating the seabed under its own weight,
and then by pumping water out of the caisson to create suction that forces the foundation into the
seabed [9].

During suction penetration, the induced seepage flow through highly permeable sand into the
caisson interior can create some negative effects. To investigate these effects, a number of studies have
been completed, and they show that the seepage facilitates the installation process at the caisson tip
and along the inner wall [10–13]. Erbrich and Tjelta [14] presented a series of finite element analyses
and found that the suction forced water to migrate through the soil from outside to the inner caisson.
Previous research [15,16] still has certain issues, in that the seepage around the suction was assumed to
follow Darcy’s law, which requires that we carry on further discussion. Experimental investigations in
sand have revealed that soil plugs are likely to occur during suction-assisted installation [15,17,18].
A series of centrifuge tests on the installation of suction caissons were carried out by Tran et al. [19,20],
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who found that the soil plugs heave up to 20% of the caisson penetration as excessive suction, and they
developed a void ratio–permeability relationship to check the sand heave against the plugs. There is
no previous study on the relationship between soil plugs and the seepage velocity of sand around
suction caissons.

This paper presents the results of visual tests of a suction caisson used as a foundation for offshore
wind turbines. The process of suction installation of the caisson foundations with axisymmetric
geometry is simplified to a plane problem. In order to study their composition, the heights of the final
soil plugs in the caisson were measured. The distribution of the hydraulic gradient of sand at the
mudline in the caisson was obtained to find out its relationship with the heights of the soil plugs. The
relationship between the heights of soil plugs and the hydraulic gradient of soil was proposed and
obtained by using quadratic regression, guiding project designs, and construction.

2. Experimental Program

The process of suction installation of the caisson foundations (shown in Figure 1a) with
axisymmetric geometry is simplified to a plane problem in this paper. Due to the fact that the
soil was replaced by the walls of the soil tank in tests, it is assumed that the forces of water adhesion to
the walls are equal to that of the sand around the suction caissons. A soil tank (shown in Figure 1),
as used in tests, has dimensions of 20 × 0.5 cm in its plan view, and a depth of 28 cm. Transparent
fiberglass was used to make the soil tank, with a thickness of 1.0 cm. The two pumping outlets in the
soil tank were connected to the suction loading system by a thin pipe and a drainpipe, respectively.
Figure 1b shows the diagram of the test device, with a constant suction S in the caisson caused by the
suction loading system creating the different head H. The value of the applied constant suction can be
expressed as S = γwH, where γw is the unit weight of water (10 kN/m3).
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Figure 1. Test devices.

The suction caisson with an external diameter D of 12 cm had a height of 17.5 cm L and a thickness
T of 0.5 cm. In order to create an enclosed compartment between the soil tank, the suction caisson, and
the soil, UV glue was used to stick the soil tank and the suction caisson together. The suction caisson
model was located at a distance 7.5 cm from the bottom of the soil tank.

The siliceous sand shown in Figure 2 was used in tests because it is commercially available and
shows a deep contrast with the carmine stain. The void ratio e of the soil was determined according to
the standard soil testing methods, and can be written as e = ρwGs/ρd-1, where ρd is the dry density of the
sand and Gs is the specific gravity of the sand. Table 1 shows the properties of the siliceous sand in tests.
The siliceous sand particles had an average radius of 0.748 mm, and they obeyed uniform distribution,
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with a ratio of maximum to minimum radii of 2.0. The pluviation method and the compaction method
were used to prepare uniform sand specimens in layers in the soil tank. The permeability coefficient
of the siliceous sand was obtained by using an empirical equation, k = 2d10

2e2 [21], where d10 is the
effective size of the sand. Due to the uniform particle size of the sand, it is suggested that d10 is equal
to the average particle size (0.718 mm). Before carrying out every test, the sand specimen was left to
stand for 24 h.
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Table 1. Properties of siliceous sand.

Property
Specific
Gravity

Gs

Void
Ratio

e

Saturated
Weight

γsat (kN/m3)

Permeability
Coefficient

k (cm/s)

Cohesion
c (kPa)

Angle of Internal
Friction
ϕ (◦)

Value 2.66 0.75 19.5 0.28 0 31

The seepage field around the suction caisson model was visualized by the tracer titration system,
which consisted of an infusion system and carmine stain. The infusion system was made of a medical
syringe with a thin pipe (radius of 2 mm), shown in Figure 1b. Three holes were drilled in the soil tank
at points A, B, and C, connecting to the infusion system with the thin pipes. At points A, B, and C,
the carmine stain was released with pinpoint accuracy by the infusion system. To reduce the effect of
turbulence, the carmine stain was injected into the soil used in tests as slowly as possible.

The suction caisson model had a buried depth h (5, 10, and 15 cm) before each test, to simulate
the process of suction installation. The influence of the temperatures of the environment and the
water were not considered in the tests. A video camera was used to collect images of the experimental
phenomena of seepage and the soil plug in the suction caisson. At the end of the trial, the height of
the soil plug did not seem to change. The testing programs are listed in Table 2 in tests. The pre-test
results show that seepage failure took place in the sand when the suction in the caisson with buried
depths of 5, 10, and 15 cm were greater than 2.0, 3.5, and 4.0 kPa, respectively.

Table 2. List of visual tests on suction caissons.

Buried Depth h (cm) Suction S (kPa)

5 0.5 1.0 1.5 - - - -
10 0.5 1.0 1.5 2.0 2.5 3.0 -
15 0.5 1.0 1.5 2.0 2.5 3.0 3.5
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3. Test Results and Discussion

3.1. Visual Seepage Paths

The seepage field can be visualized where the carmine stain flows along streamlines in the soil
around the suction caisson. Figure 3 shows the visualization of the seepage flow at point B as h = 15 cm
and S = 0.5 kPa. It was observed that the visual tests achieved good results to study the seepage of
sand around a suction caisson during suction penetration. It took 500 s for the carmine stain to move
from point B to the mudline, and the length of the seepage path was 3.21 cm. Tests revealed that
the seepage paths of soil with different S in suction caissons had the same motion path. The results
indicated that the seepage path of soil is unrelated to the S applied in the caisson and is affected by the
penetration depth during the installation of the foundation. The seepage paths of the carmine stain in
sand are plotted with a plane coordinate system, shown in Figure 4. It can be seen that there is an
obvious trend: the streamline dyed by carmine stain moves toward the wall of the caisson model.
Additionally, the larger the penetration depth, the more obvious was the streamline–adherent trend.
It was observed that the seepage path lengths were 1.95 and 1.34 h when the penetration depths were
equal to 5 and 15 cm, respectively. The distance between the carmine stain in the mudline and the
inner wall of the caisson model was 0.375 times the diameter of the suction caisson, for h = 0.42, 0.83,
and 1.25 L, respectively.
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3.2. Hydraulic Gradient Analysis

In this paper, the test results prove that Darcy’s law is not applicable, and this phenomenon was
also observed from the large test pressure difference found in the literature [22]. For the seepage
velocity v, it was assumed that the streamlines around the caissons were stable and not affected by
each other. The path lengths of the carmine stain were measured from test images. All results are
presented in terms of dimensionless forms. The seepage velocity v of the sand was assumed to be
affected by x/D and S/γ’h. The hydraulic gradient v/k of the sand in tests at the mudline was proposed
by using the regression function, and can be expressed as follows:

v
k

= 0.163
[

0.94DS
(0 .5D− x)γ′h

]0.76

(1)

where x is the abscissa value in Figure 1 and γ’ is the effective unit weight of soil.
The comparison of actual values and calculated values is shown in Figure 5. It can be seen that

the fitted values agree well with the actual values. Compared with v/k obtained from tests, the fitted
values have a residual sum of squares of about 1.467.
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Figure 6 shows the hydraulic gradient of sand around a suction caisson with different x/D when
the suction in the caisson is equal to 1.5 kPa. It can be seen that the hydraulic gradient v/k increases
with the increase of x/D. The results indicated that the seepage velocity is larger as the streamline
moves toward the wall of the suction caissons. The hydraulic gradient v/k, with x/D = 0.2675 and
h/D = 1.25, is shown in Figure 7. It can be observed that the v/k increases with the increase of S/γ’h
and the fitted values of the v/k agree well with the test results. The v/k when S/γ’h = 2.451 is 5.85 times
greater than when S/γ’h = 0.351 in tests. The minimum relative error is 5.05% for Equation (1) when
S/γ’h = 5.478. When h/D = 0.42, the streamline around the suction becomes disordered as a result of the
larger applied suction (S = 1.5 kPa). Due to the assumption that the streamlines are stable and not
affected by each other, the seepage velocity obtained is smaller than the actual situation, leading to
large deviations as compared with Equation (1).

Appl. Sci. 2020, 10, x FOR PEER REVIEW 6 of 12 

 

Figure 5. The comparison of actual values and fitted values for v/k. 

Figure 6 shows the hydraulic gradient of sand around a suction caisson with different x/D when 

the suction in the caisson is equal to 1.5 kPa. It can be seen that the hydraulic gradient v/k increases 

with the increase of x/D. The results indicated that the seepage velocity is larger as the streamline 

moves toward the wall of the suction caissons. The hydraulic gradient v/k, with x/D = 0.2675 and h/D 

= 1.25, is shown in Figure 7. It can be observed that the v/k increases with the increase of S/γ’h and 

the fitted values of the v/k agree well with the test results. The v/k when S/γ’h = 2.451 is 5.85 times 

greater than when S/γ’h = 0.351 in tests. The minimum relative error is 5.05% for Equation (1) when 

S/γ’h = 5.478. When h/D = 0.42, the streamline around the suction becomes disordered as a result of 

the larger applied suction (S = 1.5 kPa). Due to the assumption that the streamlines are stable and not 

affected by each other, the seepage velocity obtained is smaller than the actual situation, leading to 

large deviations as compared with Equation (1). 

 h/D=0.42

 Fitting function (h/D = 0.42) 

 h/D=0.83

 Fitting function (h/D = 0.83) 

 h/D=1.25

 Fitting function (h/D = 1.25) 

0.10 0.15 0.20 0.25 0.30
0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0

1.1

1.2

1.3

v/
k

x/D  

Figure 6. The hydraulic gradient with S = 1.5 kPa. 

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4
0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4
 Regression equation

F
it

te
d

 v
al

u
es

Actual values

Figure 6. The hydraulic gradient with S = 1.5 kPa.



Appl. Sci. 2020, 10, 566 7 of 11Appl. Sci. 2020, 10, x FOR PEER REVIEW 7 of 12 

 

Figure 7. The hydraulic gradient with x/D = 0.2675 and h/D = 1.25. 

3.3. Soil Plug and Settlement Formation 

During suction penetration, a part of the soil in the caissons gets into the open-ended hollow 

caisson cavity, forming a soil plug [24]. The final soil plugs in the caisson at the buried depth of 5 cm 

(caused by the caisson) are shown in Figure 8. The test results show that there is no soil plug in the 

caissons with small suction applied during suction penetration. The maximum heights of soil plugs 

in the suction caisson models with buried depths of 5, 10, and 15 cm are 0.169, 0.085, and 0.087 times 

the buried depths, respectively. It was observed that the suction caused settlement of the surrounding 

soils outside the caisson. The maximum soil settlement appeared a certain distance from the outer 

wall of a suction caisson due to caisson–soil friction. 

   

(a) S = 0.5 kPa. (b) S = 1.0 kPa. (c) S = 1.5 kPa.  

Figure 8. The soil plug in the caisson. 

Figure 9 shows the curves of the heights of soil plug hsp and of soil settlement hsettlement outside 

the caisson. Other test conditions not drawn in Figure 9 did not have the obvious soil plug and soil 

settlement around the suction caisson model. There is no obvious soil settlement outside the suction 

caisson with a buried depth of 15 cm. The height of soil plug hsp increases with the increase of x as a 

result of the distribution of seepage velocity, which is greater as it moves toward the wall of suction 

caissons. 

 

 x/D=0.2675

 Fitting function

0.0 0.5 1.0 1.5 2.0 2.5
0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0

1.1

v/
k

S/'h

Figure 7. The hydraulic gradient with x/D = 0.2675 and h/D = 1.25.

3.3. Soil Plug and Settlement Formation

During suction penetration, a part of the soil in the caissons gets into the open-ended hollow
caisson cavity, forming a soil plug [23]. The final soil plugs in the caisson at the buried depth of 5 cm
(caused by the caisson) are shown in Figure 8. The test results show that there is no soil plug in the
caissons with small suction applied during suction penetration. The maximum heights of soil plugs in
the suction caisson models with buried depths of 5, 10, and 15 cm are 0.169, 0.085, and 0.087 times the
buried depths, respectively. It was observed that the suction caused settlement of the surrounding
soils outside the caisson. The maximum soil settlement appeared a certain distance from the outer wall
of a suction caisson due to caisson–soil friction.
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Figure 8. The soil plug in the caisson.

Figure 9 shows the curves of the heights of soil plug hsp and of soil settlement hsettlement outside
the caisson. Other test conditions not drawn in Figure 9 did not have the obvious soil plug and soil
settlement around the suction caisson model. There is no obvious soil settlement outside the suction
caisson with a buried depth of 15 cm. The height of soil plug hsp increases with the increase of x
as a result of the distribution of seepage velocity, which is greater as it moves toward the wall of
suction caissons.
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where A–F are constant coefficients (given in Table 4). Figure 10 shows the comparison of actual 

values and fitted values for the dimensionless soil plug hsp/h. Fitted values are evenly distributed 

around the actual values. Compared with the actual values, the fitted values have an average relative 

error of about 28.74%. 

Table 4. Optimal value of constant coefficients for hsp/h. 

A B C D E F 

0.57495 −0.49370 0.09759 0.05075 −0.02168 0.02252 

 

0 1 2 3 4 5 6 7 8 9 10

-1.2

-0.9

-0.6

-0.3

0.0

0.3

0.6

0.9

1.2

so
il settlem

en
t h

settlem
en

t  (cm
)

x/cm

S
o

il
 h

ea
v

e 
p

lu
g

 h
sp

 (
cm

)

 h=5cm, S=1.0 kPa

 h=5cm, S=1.5 kPa

 h=10cm, S=2.5 kPa

 h=10cm, S=3.0 kPa

 h=15cm, S=3.5 kPa

 h=15cm, S=4.0 kPa

Sand

Suction caisson

Soil heave plug

Settlement

Figure 9. The height of soil plug and soil settlement outside the caisson.

The volume of soil plug Vsp and that of soil settlement Vsettlement were measured by using the
volume formula after obtaining the size of the soil plug and settlement from the images. The comparison
between the volume of soil plug Vsp and that of soil settlement Vsettlement in tests is shown in Table 3.
The soil plug consists of the soil heaved by seepage force into the caisson, and the soil from outside
into the caisson, leading to soil settlement around the foundation. It can be seen that the influence
of settlement outside the caisson on the soil plug decreases as the buried depth rises. The soil plug
is mainly influenced by the soil from outside into the caisson, and Vsettlement/Vsp = 1.581 due to the
decrease in the void ratio of soil around the caisson caused by the seepage force during suction
penetration when h = 5 cm and S = 1.0 kPa. The influence of the soil heaved by the soil plug increases
with the increase of h. The volume of soil heaved begins to rise as the velocity of seepage reaches a
certain value.

Table 3. The volume of soil plug and soil settlement in tests.

h = 5 cm h = 10 cm h = 15 cm

S = 0.1 kPa S = 1.5 kPa S = 2.5 kPa S = 3.0 kPa S = 3.5 kPa S = 4.0 kPa

Vsettlement (cm3) 0.544 0.970 0.020 0.473 0.000 0.000
Vsp (cm3) 0.344 1.520 0.519 1.954 0.849 2.827

Vsettlement/Vsp 1.581 0.638 0.039 0.242 0.000 0.000

3.4. Prediction of Soil Plug Height

The relationship between the height of the soil plug hsp and the hydraulic gradient v/k was
proposed by using quadratic regression, and can be expressed as follows:

hsp

h
= A + B

S
γ′h

+ C
(

S
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+ D
v
k
+ E

(v
k

)2
+ F

Sv
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, (2)

where A–F are constant coefficients (given in Table 4). Figure 10 shows the comparison of actual values
and fitted values for the dimensionless soil plug hsp/h. Fitted values are evenly distributed around the
actual values. Compared with the actual values, the fitted values have an average relative error of
about 28.74%.

Table 4. Optimal value of constant coefficients for hsp/h.

A B C D E F

0.57495 −0.49370 0.09759 0.05075 −0.02168 0.02252
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Figure 11 shows the relationship between hsp/h and v/k when h = 15 cm. It is shown that the
dimensionless soil plug hsp/h first increases and then decreases with the increase of v/k. The reason
behind the decreased trend is that the soil plug is subjected to downward friction applied by the inner
wall of the suction caisson. The combination of Equations (1) and (2) is used to predict roughly the
height of soil plugs in suction caissons in sand during suction penetration, guiding project designs,
and construction.
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4. Conclusions

A series of model tests were conducted in this study to investigate the visualization of suction
caisson penetration in sand. The following conclusions can be drawn:

(1) The seepage field can be visualized while the carmine stain flows along a streamline in the soil
around the suction caisson. The seepage velocity is larger as the streamline moves toward the
wall of the suction caissons. The pre-test results show that the seepage failure took place in the
sand when the suction in the caisson with buried depths of 5, 10, and 15 cm was greater than 2.0,
3.5, and 4.0 kPa, respectively. The results indicated that the seepage path of the soil is unrelated
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to S applied in the caisson and is affected by the penetration depth during the installation of
the foundation.

(2) The hydraulic gradient v/k of the sand in tests at the mudline was proposed by using the regression
function. It can be seen that the fitted values agree well with the actual values. Darcy’s law is not
applicable, and the hydraulic gradient v/k increases with the increase of x/D. The results indicated
that the seepage velocity is larger as the streamline moves toward the wall of the suction caissons.
The v/k when S/γ’h = 2.451 is 5.85 times greater than when S/γ’h = 0.351 in tests. The minimum
relative error is 5.05% for Equation (1) when S/γ’h = 5.478.

(3) There is no soil plug in the caissons with small suction applied during suction penetration.
The maximum heights of the soil plugs in the suction caisson models with buried depths of 5, 10,
and 15 cm are 0.169, 0.085, and 0.087 times the buried depths, respectively. The height of soil
plug hsp increases with the increase of x as a result of the distribution of seepage velocity, which
is greater as it moves toward the wall of suction caissons. The influence of the soil heaved by
the soil plug increases with the increase of h. The volume of the soil heaved begins to rise as the
velocity of the seepage reaches a certain value. The dimensionless soil plug hsp/h first increases
and then decreases with the increase of v/k.
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Notation

S Applied suction in the caisson
H Water head
γw Unit weight of water (10 kN/m3)
D External diameter of the suction caisson
L Height of the suction caisson
T Thickness of the wall of the suction caisson
ρd Dry density of the sand
Gs Specific gravity of the sand
d10 Effective size of the sand
e Void ratio of the sand
γsat Saturated weight of the sand
k Permeability coefficient
h Buried depth of the suction caisson
x Abscissa value in Figure 1
γ’ Effective unit weight of soil
c Cohesion of soil
ϕ Angle of internal friction
hsp Height of soil plug
hsettlement Soil settlement outside the caisson
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