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Abstract: In recent years, offshore wind turbines have rap-
idly developed, and many pile foundations installed earlier
are now approaching decommissioning. Thus, the efficient
removal of pile foundations has become a critical issue for
the sustainable development of offshore wind energy. To ad-
dress this issue, this paper systematically investigates three
methods for the recovery of pile foundations using physical
model experiments: water injection + lifting, air injection +
lifting, and air retention + water injection. The experimental
results show that the water injection + lifting method exhibits
remarkable advantages in recovering large-diameter and in-
clined pile foundations; however, realigning inclined piles
during recovery remains challenging, and a risk of pile over-
turning exists. The air injection + lifting method proves ef-
fective for realigning inclined piles but presents a risk of air
expulsion failure, which may affect the continuity and stabil-
ity of the recovery process. By contrast, the air retention +
water injection method combines the characteristics of water
injection and air injection techniques, effectively avoiding
air expulsion failure and exhibiting pronounced displacement
jumps during pile uplift. These findings provide a valuable
reference for future decommissioning practices of offshore
wind pile foundations, offer important engineering applica-
tion value, and contribute positively to the sustainable devel-
opment of the offshore wind industry.
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gainst the background of the “carbon emission peak”
and “carbon neutrality” goals, many countries have
begun to develop energy systems primarily based on
clean energy. In 2020, China formally proposed the tar-
gets of “carbon peak” and “carbon neutrality, ” signaling
that green development within the energy sector has be-
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come a new trend"?. With continuous enhancement in
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environmental awareness, the wind power industry, a
crucial component of the clean energy sector, has experi-
enced rapid growth in recent years™>!. Among its various
forms, offshore wind power generation—characterized
by high efficiency, environmental cleanliness, and con-
siderable development potential—has become one of the
key directions for global new energy development*.

As offshore wind power rapidly develops, the decom-
missioning of wind turbines has become an increasingly
important concern. Monopile foundations, which are the
most widely used foundation type in offshore wind farms
worldwide, offer several key advantages, including mini-
mal seabed occupation, high load-bearing capacity,
structural stability, and low, uniform settlement"’. Cur-
rently, the technology for pile foundations remains un-
derdeveloped. At present, most wind farms typically use
the cutting pile method to remove the portion of the foun-
dation above the seabed. This approach has highlighted
the urgent need for more efficient and comprehensive re-
moval techniques

Ge et al. ' used model testing methods to compare the
load-bearing characteristics of conventional pull-out piles
and root-type pull-out piles in sandy soils under vertical
uplift loads. Sun et al. (7 performed indoor pull-out tests
on 12 steel pipe piles, divided into 4 groups, under differ-
ent uplift loads based on a specific similarity ratio. In
2018, “The BLUE Piling” experimental tests conducted in
the Netherlands partially validated the feasibility of nega-
tive pressure uplift recovery. Beuckelaers et al. 8l pro-
posed a finite element limit analysis method for the rapid
evaluation of the excess pressure required for hydraulic
extraction of pile foundations. The method accounts for
mechanisms such as inner and outer pile-soil interface
friction and plug failure, and is applicable to layered soil
conditions.

This study employs physical model experiments to in-
vestigate three combined removal processes for vertical
monopile foundations: water injection + lifting, air injec-
tion + lifting, and a combination of air retention and wa-
ter injection. The study clarifies the interaction mecha-
nisms between the monopile and the surrounding soil dur-
ing the removal process. Furthermore, the study deter-
mines the required pressures for foundation removal and
fits pressure-displacement curves to characterize the re-
moval process.
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1 Physical Model Experiment

1.1 Prototype and experimental conditions

To aid readers in understanding the terminology used

in the subsequent sections, the relevant terms and their

specific definitions are presented in Table 1.

This study primarily focuses on large-diameter mono-
pile foundations, as well as shallow-depth monopiles de-
ployed in early-stage offshore wind farms. The relevant
parameters for several representative prototype founda-
tions are presented in Table 2.

Table 1 Glossary of terms related to experiments and analysis

Term

Definition

Water injection
Air injection
Air retention

Lifting

Cabin pressure

Pile foundation displacement

Injecting water into the pile through the pile top cover

Injecting air into the pile through the pile top cover

Trapped air in the upper part of the pile after embedment

The counterweight connects to the lifting ring on the pile top cover to apply tensile force.
Internal pressure inside the pile after embedment

The vertical distance the pile moves upward

Table 2 Prototype foundation parameters

Prototype foundation Foundation diameter/m Embedment depth/m
The 500 kW two-bladed wind turbines at the Lely wind farm in the Netherlands 3.7 15
A wind farm in Jieyang, Guangdong, China 8.7 35-40
A wind farm in Zhuanghe, Fujian, China 8.2 31
The HS wind farm operated by Guoneng Group in Yancheng, Jiangsu, China 8.2 40

Based on the above analysis, the experimental condi-
tions were designed with pile diameter and embedment
depth as the primary variables. The specific parameters
are presented in Table 3.

Table 3 Experimental conditions

Condition Foundation Embedment External Air reten-
diameter/cm  depth/cm load/kg  tion/cm

W-D20H80 20 80 0 0
W-D20H80-10kg 20 80 10 0
W-D20H70-10kg 20 70 10 0
W-D20H65-10kg 20 65 10 0
W-D25H80-5kg 25 80 5 0
W-D20H80-5kg 20 80 5 0
A-D20H80 20 80 0 0
A-D20H80-5kg 20 80 5 0
A-D25H80-5kg 25 80 5 0
D20HS80 20 80 0 0
D20H80-A10cm 20 80 0 10
D20H80-A20cm 20 80 0 20
D20H80-A30cm 20 80 0 30
D20H80-A40cm 20 80 0 40

Note:The letter W denotes water injection, and A denotes air injection.
The letter D represents the pile diameter, while H refers to the pile
embedment depth. 5kg (10kg) indicates a fixed counterweight.
Al0cm (A20cm/A30cm/A40cm) indicates that 10 cm (20 cm/
30 ¢cm/40 cm) of air is retained within the pile.

1.2 Experimental procedure

The sand used in the experiment was Fujian standard
sand and the grain size ranges from 0. 1 to 2. 0 mm, with
a relative density of 0.58, an elastic modulus of
18 MPa, an internal friction angle of 32. 5°, a maximum
dry density of 1.5 g/cm®, a minimum dry density of

1. 1 g/lem?, and a permeability coefficient of 0. 068 cm/s.

The model tests were conducted with a geometric simi-
larity ratio of 1:40. The height of the pile foundation
model was 1. 2 m, with a wall thickness of 5 mm and di-
ameters of 0. 15, 0.20, and 0.25 m, corresponding to
masses of 6.70, 9.15, and 11.90 kg. To facilitate the
pressurized removal experiments, a steel top cover was
installed at the top of the model. The cover was designed
with a flange and two water pipe interfaces with a diam-
eter of 8 mm, as well as openings for the installation of
pore pressure transducers.
1.2.1 Water injection + lifting recovery

The experimental setup is shown in Fig. 1. The mono-
pile foundation is preinstalled in saturated experimental
sand, with the top plate of the foundation connected to
pore pressure sensors and an inclinometer. A water pipe
is connected to the injection port, while steel cables are
routed over two fixed pulleys. One end of each steel
cable is attached to the lifting ring on the top plate of the
foundation, and the other end is fixed with two 2.5 kg
counterweights. The water injection + lifting recovery
process is shown in Fig. 2.

Fig. 1 Schematic of recovery equipment setup
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Fig.2 Water injection + lifting recovery process

1.2.2 Air injection + lifting recovery

The air injection + lifting recovery process is illus-
trated in Fig. 3. Under the combined action of internal air
pressure and the upward lifting force generated by the
counterweights, the monopile foundation exhibits verti-
cal displacement. Notably, at the conclusion of the air
injection + lifting recovery experiment, the monopile
foundation typically remains upright, showing little to no
inclination.

(a) (b)
Fig. 3 Air injection + lifting recovery process. (a) During re-
covery; (b) Recovery endpoint; (¢) Recovery failure

1.2.3 Air retention and water injection recovery

In this set of experiments, the water injection pipe,
pressure sensor, and inclinometer are connected to the top
cover of the pile. The experimental phenomenon reveals a
distinct jumping pattern in the displacement behavior of
the pile foundation. Continuous water injection into the
pile ensures that the water remains in the pile chamber,
thereby preventing the air release damage. Furthermore,
as a certain amount of air is stored inside the chamber, the
pile foundation can maintain its stability and it does not be-
come difficult to straighten during tilting.

2 Experimental Results

2.1 Water injection + lifting recovery

2.1.1 Recovery curves of pile foundations with
different lifting forces

The recovery curves for the water injection + lifting

method are compared in Fig. 4. It is observed that the

chamber pressure for the W-D20H80-5kg and

W-D20H80-10kg conditions is generally lower than that

for the W-D20HS80 condition. Based on the experimental
data, the following preliminary conclusions can be drawn:
(1) the application of lifting force effectively reduces the
chamber pressure required for water injection recovery of
the pile foundation, and (2) the application of lifting force
does not affect the slope of the pressure reduction curve.
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Fig. 4 Comparison of water injection + lifting recovery curves
for W-D20HS80. (a) Overall curve; (b) Initiation curve; (c)
Detailed curve

0.210

2.1.2 Recovery curves of pile foundations with
different mud insertion depths

The recovery curves for pile foundations with different
mud insertion depths using the water injection + lifting
method are shown in Fig. 5. From the overall curve,
similar to water injection recovery, the required chamber
pressure decreases as the mud insertion depth decreases.
Furthermore, upon examining the detailed curves, the
pressure reduction profiles for the W-D20H80-5kg and
W-D20H65-5kg conditions are observed to be nearly par-
allel.
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Fig. 5 Comparison of water injection + lifting recovery curves
for different mud insertion depths. (a) Overall curve; (b) Ini-

tiation curve; (c) Detailed curve

2.1.3 Recovery curves of pile foundations with
different diameters

The recovery curves for pile foundations with different
diameters using the water injection + lifting method are
shown in Fig. 6. From the overall curve,
pressure during recovery for the W-D25H80-5kg condi-
tion remains consistently lower than that for the
W-D20H80-5kg condition. A closer examination of the
detailed curve reveals that the W-D25H80-5kg condition
exhibits a higher fluctuation frequency, albeit with a
smaller fluctuation amplitude than the W-D20HS80-5kg
condition.

the chamber

2.2 Air injection + lifting recovery

2.2.1 Recovery curves of pile foundations with
different lifting forces
As shown in Fig. 7, the recovery curve for the
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Fig. 6 Comparison of water injection + lifting recovery curves
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for pile foundations with different diameters.
curve; (b) Initiation curve; (c) Detailed curve

A-D20H80-5kg condition shows an overall lower cham-
ber pressure than the A-D20H80 condition. Based on the
above experimental results, the following preliminary
conclusions can be drawn: (1) the application of lifting
force effectively reduces the chamber pressure required
for recovery, and (2) the slope of the pressure reduction
curve is not affected by the lifting force.
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Fig. 7 Comparison of air injection + lifting recovery curves
for W-D20HS80
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2.2.2 Recovery curves of pile foundations with
different diameters

The recovery curves for pile foundations with different
diameters are compared in Fig. 8. The initial chamber
pressure for the A-D20H80-5kg condition is approxi-
mately 35 kPa, whereas that for the A-D25H80-5kg con-
dition is approximately 25 kPa. In terms of curve fluctua-
tion patterns, the A-D20H80-5kg condition exhibits a
lower fluctuation frequency and a greater fluctuation am-
plitude than the A-D25H80-5kg condition.
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Fig. 8 Air injection + lifting recovery curves for pile founda-
tions with different diameters

2.3 Air retention and water injection recovery

The recovery curves for different initial air retention
heights using the air retention and water injection method
are shown in Fig. 9. It can be observed that recovery re-
quired a lower chamber pressure under conditions with re-

tained air than under those without. This indicates a

or —— D20H80
D20H80-A10cm
< 401 —— D20H80-A20cm
g ~ D20H80-A30cm
S ~— D20H80-A40cm
530
2
£
= 20F
] \
O ot |
M
0 1 1 L 1 J
0 0.1 0.2 0.3 0.4 0.5
Pile foundation displacement/m
(a)
50r
= 40
a
=<
o
Z 301
é \
= 20r —— D20HS0
5 —— D20H80-A10cm
O ot — D20H80-A20cm
—— D20H80-A30cm
D20H80-A40cm
0 . . . . )
-0.01 0 0.01 0.02 003 0.04 0.05

Pile foundation displacement/m

(b)
Fig. 9 Recovery curves for different initial air retention
heights under the air retention and water injection method. (a)

Overall curve; (b) Initiation curve

gradual transition from water injection recovery to air in-
jection recovery.

3 Theoretical Derivation

3.1 Water injection + lifting recovery

This section’ s theoretical derivation is based on water
injection recovery theoryig]. The key formula is the cal-
culation of the breakthrough pressure P, for a foundation
with a mud insertion depth &, as given by the following
equation:

g r) 2
:Qf+G:1TDB(aikA’yw+’y " +Q (1)
A 2A A

where Q; is the lateral frictional resistance acting on the

P,

pile foundation; G is the weight of the pile foundation; A
is the area of the top surface of the pile foundation; D is
the diameter of the pile; B is the dimensionless friction
parameter, considered as 0. 29; a;is the proportion of in-
ternal wall frictional resistance; Q is the water pump
flow rate or seepage flow rate; k is the permeability coef-
ficient of the soil within the pile shaft; vy, is the unit

!

weight of water; 7y’ is the buoyant unit weight of the
soil; H is the mud insertion depth of the pile.

The formula for calculating the displacement distance
x,, of the pile foundation at the next stage when the mud

insertion depth is £ is as follows:

o =2l KA, Um0
a m m

where K is the slope of the pressure reduction curve; m is
the mass of the pile foundation; vy is the coefficient of
sliding friction; Qy, is the lateral frictional resistance.

Based on the experimental data, Eq. (1) is modified,
yielding the following results:

2 ’ 2
P:Qf+G_F:qTDB(aikA7W+7H+G_F
b A 24 A

(3)
where F is the tensile force applied to the top cap of the
monopile foundation.

Egs. (2) and (3) are used to fit the water injection +
lifting recovery curve. The parameters selected for the
fitting process are shown in Table 4, and the fitting re-
sults are presented in Fig. 10.

Table 4 Fitting parameter values for water injection + lifting

recovery
Parameter W-D20H80 W-D25H80 W-D20H70 W-D20H65
Sliding fricti
e Thenon 0.7 0.7 0.7 0.7
coefficient y
P ducti
ressure re qu’lOl’l 13 13 13 13
slope K710
Chamber pressure 12 L0 12 12

amplification factor E
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Fig. 10 Fitting results of water injection + lifting recovery curves

(d) W-D25H80-5kg

3.2 Air injection + lifting recovery

This section’ s theoretical derivation is based on the air

injection recovery theory''”’

. The key formula is the cal-
culation of the breakthrough pressure P, for a foundation
with a mud insertion depth &, as given by the following

equation:

(4)

p - wDBy'H* + 2G
A 2A - wDBa,a, NH
where a is the seepage conversion coefficient, and N is
the water-to-air conversion coefficient.
The formula for calculating the displacement distance
x,, of the pile foundation at the next stage when the mud
insertion depth is / is as follows:

2b KA
W= a= e bE

(1 —’}’)th (5)
m

Based on the experimental data, the formula (4) is
modified, yielding the following results:

wDBy'H* +2G  F

P, =

"~ 2A - mDBa,abH A (6)

Using Egs. (5) and (6), the air injection + lifting re-
covery curve is fitted. The fitting results are presented in
Table 5, and the parameters selected for the fitting pro-
cess are illustrated in Fig. 11.

Based on the experimental data and curve fitting re-
sults, it is found that the air injection recovery theory
still demonstrates strong applicability in the air injection
+ lifting recovery process.
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Table 5 Air injection recovery parameter values

Parameter A-D20H80-5kg A-D25H80-5kg
Internal friction proportion a; 0.49 0.49
Seepage conversion coefficient a_ 0.76 0.76
Water-to-air conversion coefficient N 0.8 0.8
Pressure reduction slope K 400 350
Chamber pressure amplification
1.2 1.3
factor E
Displacement reduction coefficient C 0.9 0.6
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Fig. 11 Comparison of air injection + lifting recovery curve
fitting results. (a) A-D20H80-5kg; (b) A-D25H80-5kg
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3.3 Air retention + water injection recovery

This section’ s theoretical derivation is based on the re-
covery theory presented in Section 3. 2. The focus is on
studying the influence of varying air retention heights on

the slope of the pressure reduction curve and the displace-

ment fluctuation characteristics of the pile foundation.
Utilizing the recovery theory articulated in Section 3. 2,
the recovery curve for air retention and water injection is
fitted. The fitting results are shown in Fig. 12, with the
parameters selected for the fitting process listed in
Table 6.
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Fitting results of air retention and water injection recovery curve.
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Table 6 Parameter values for air retention and water injection recovery

Air retention/cm

Parameter

40 30 20 10
Internal friction proportion ¢ 0.49 0.49 0.49 0.49
Seepage conversion coefficient a_ 0.76 0.76 0.76 0.76

Water-to-air conversion coefficient N 0.8 0.8 0.8 0.8
Pressure reduction slope K 800 700 1300 1700
Chamber pressure amplification factor E 1.10 1.05 1.10 1.00

Displacement reduction coefficient C 0.4 0.4 0.8 0.7

4 Conclusions

Through physical model experiments, this study inves-
tigates the water injection + lifting recovery process, the
air injection + lifting recovery process, and the air reten-
tion + water injection recovery process. The objective is
to understand the interrelationships of these recovery pro-
cesses and explore more optimal combined processes.
The water injection + lifting recovery process inherits the
advantages of water injection recovery in the context of
large-diameter pile foundation recovery and inclined pile
foundation recovery. Similarly, the air injection + lifting
recovery process inherits the advantages of air injection

recovery in large-diameter pile foundation and inclined
pile foundation recovery.
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