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Abstract: The displacement of monopile supporting offshore wind turbines needs to be strictly
controlled, and the influence of local scour can not be ignored. Using p–y curves to simulate the
pile–soil interaction and the finite difference method to calculate iteratively, a numerical frame for
analysis of lateral loaded pile was discussed and then verified. On the basis of the field data from
Dafeng Offshore Wind Farm in Jiangsu Province, the local scour characteristics of large diameter
monopile were concluded, and a new method of considering scour effect applicable to large diameter
monopile was put forward. The results show that, for scour of large diameter monopiles, there was no
obvious scour pit, but local erosion and deposition. Under the test conditions, the displacement errors
between the proposed and traditional method were 46.4%. By the proposed method, the p–y curves
of monopile considering the scour effect were obtained through ABAQUS, and the deformation of
large diameter monopile under scour was analyzed by the proposed frame. The results show that,
with the increase of scour depth, the horizontal displacement of the pile head increases nonlinearly,
the depth of rotation point moves downward, and both of the changes are related to the load level.
Under the test conditions, the horizontal displacement of the pile head after scour could reach 1.4~3.6
times of that before scour. Finally, for different pile parameters, the pile head displacement was
compared, and further, the susceptibility to scour was quantified by a proposed concept of scour
sensitivity. The analysis indicates that increasing pile length is a more reasonable way than pile
diameter and wall thickness to limit the scour effect on the displacement of large diameter pile.

Keywords: pile foundations; offshore wind turbines; scour; p–y curve; finite difference method;
horizontal displacement

1. Introduction

In offshore wind power projects, the foundation design accounts for about 25% of the total
cost [1], and the foundation serviceability is of importance for the normal operation of wind turbines.
Large diameter monopile (Figure 1) is widely used in practical engineering, with its advantages of
superior economy and reliability [2].

Under the environmental loading from waves and currents, the displacement of monopile can not
exceed 0.5◦ of rotation at the mudline, or another similar value suggested by the turbine manufacturers,
so it is necessary to study the deformation characteristics of large diameter monopile under horizontal
loads. Owing to the harsh environmental conditions and high cost, the field test of large diameter
monopile is difficult to carry out, hence the numerical analysis is more commonly used. Bouzid et al. [3]
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pointed out that the finite element method is effective for the assessment of lateral loaded monopile
and the conventional p–y curve method derived from field tests of a small diameter is not suitable
for large diameter monopile. Achmus et al. [4] evaluated the effect of pile diameter on p–y curves.
Zhang et al. [5] proposed a p–y curve construction method for large diameter monopile, and takes
the roughness of the pile–soil interface into account. Lee et al. [6] studied the cyclic effects on the p–y
curve by centrifugal model test. Under the coupled waves and currents, local scour occurs around the
pile foundation, which affects the static and dynamic response of monopile [7–9]. Therefore, the scour
effect must be considered in the deformation analysis. He et al. [10] and Carswell et al. [11] reduced
the buried depth of pile foundation by removing a certain depth of soil layer (Figure 2). Dai et al. [12]
considered the scour pit features and introduced a wedge-shaped failure mechanism to express the
influence of local scour.Appl. Sci. 2020, 10, x FOR PEER REVIEW 2 of 19 
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Figure 1. Generally accepted concept of large diameter monopile. 
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diameter monopile. Secondly, as for local scour, both the scour characteristic and scour effect 
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Figure 1. Generally accepted concept of large diameter monopile. 
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Figure 2. Embedment reduction diagram.

It can be seen that, for the analysis of large diameter monopile of offshore wind turbines, horizontal
deformation characteristic is of significance, and appropriate methods should be selected. The p–y
curve method is widely used and it is crucial to obtain the p–y curve suitable for large diameter
monopile. Secondly, as for local scour, both the scour characteristic and scour effect consideration
method lack the support of field data, as they only took the maximum scour depth into consideration
instead of the scour pattern, and whether they are applicable to large diameter monopile remains
uncertain. To quantitatively summarize the scour characteristics and the effect of large diameter
monopile is helpful for offshore wind power construction and subsequent load and displacement
analysis. In addition, few studies have focused on the displacement sensitivity of monopile under scour.

Therefore, this paper introduces the p–y curve method and the iterative procedure of finite
difference method, and verifies the accuracy of the horizontal displacement analysis frame by model
test and field test. Then, on the basis of the scour monitoring data from Dafeng offshore wind farm
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in Jiangsu Province, we conclude the scour characteristics of large diameter monopile and propose a
method of considering the scour effect applicable to large diameter monopile. Finally, by the proposed
method, we extract p–y curves of monopile considering the scour effect through ABAQUS, and analyze
the deformation characteristics of large diameter monopile under scour. The sensitivity of pile head
displacement under scour is studied by analyzing the relationship among scour depth, pile head
displacement, and pile parameters, and the concept of scouring sensitivity is proposed, which may
provide ideas for practical engineering.

2. Deformation Analysis Method

2.1. p–y Curve

In the analysis of lateral loaded pile foundations, the soil is modeled as a system of uncoupled
springs distributed along the depth, and the pile response can be obtained from the differential
equation:

EI
dy4

dx4
+ p(x) = 0 (1)

where EI: pile bending stiffness, y: pile displacement, p: soil resistance, and X: length along the pile.
The key to solving the differential equation is the soil resistance function p(x), which includes

linear and nonlinear assumptions. The linear method assumes that the soil resistance p is proportional
to the pile displacement y at any depth, which means the stiffness of soil spring could be represented
by a constant. The other solution assumes that the soil resistance function p(x) is non-linear, and the
stiffness of soil spring could be described by p–y curves. Through field test or lab element test [13],
the p–y curve at any depth under the mudline (Figure 3) could be constructed.
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Figure 3. P–y curve at different depths and calculation diagram.

Matlock [14] and Reese et al. [15] proposed p–y curves for soft clay and stiff clay, respectively,
and Reese et al. [16] gave the expression of p–y curves in sand. American Petroleum Institute’s
recommendations [17] are widely used in practical engineering. Wang et al. [18] proposed a method
applicable to both soft and stiff clay. Table 1 lists several p–y curve models, and Wang et al. [19] made
a review on the p–y curve for monotonic and cyclic and discussed problems in existing studies.
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Table 1. P–y curve empirical formula.

Soil Type Expression Notes

Soft clay
(Matlock [14])

p
pu

= 0.5( y
y50

)
1/3

, y ≤ 8

y50
p
pu

= 1, y > 8y50

pu: ultimate soil resistance; y50: displacement at half of
the ultimate resistance

Clay
(Wang et al. [18])

p
pu

= (
y/y50

a+by/y50
), y ≤ β

y50
p
pu

= 1, y > βy50

A, b, β: parameter obtained from triaxial test

Sand (API [17]) p = Aputanh( K
Apu

y) A: empirical factor; K: subgrade modulus, K = kx (k is
initial subgrade modulus; x is the distance to mudline)

2.2. Iterative Solution of Finite Difference Equations

Once the p–y curve is obtained, it is difficult to solve the differential equations by the analytical
method. This paper solves the equations by finite difference iterative calculation [20]. The pile is
divided into n segments (Figure 3), and the derivative deflection equation could be replaced by the
difference equation:

ym−2 − 4ym−1 + (6 +
Esh4

EI
)ym − 4ym+1 + ym+2 = 0 (2)

After the process above, n + 1 difference equations would be obtained.
The shear force and moment of pile tip is 0, so the boundary conditions at pile tip is as follows:

y−2 − 2y−1 + 2y1 − y2 = 0 (3)

y1 − 2y0 + y−1 = 0 (4)

The shear force and moment of pile head are given as Q0 and M0, so the boundary conditions at
pile head are as follows:

yn−2 − 2yn−1 + 2yn+1 − yn+2 =
2Q0h3

EI
(5)

yn−1 − 2yn + yn+1 =
M0h2

EI
(6)

With n + 1 equations along the pile length, 2 equations at the pile tip, 2 equations at the pile head,
a total of n + 5 equations are obtained and then solved according to the matrix. Before solving the
equations, a value of soil modulus Esm should be pre-assumed and input to the iterative program, so that
the pile displacement y could be output by solving the matrix, and thus the soil resistance p would be
generated according to the corresponding p–y curves. Thus, the calculated soil modulus Esc is obtained
from the known p and y, and compared with Esm. When the tolerance is small enough, the iteration
stops and the calculation ends. Figure 4 shows the iteration flows and calculation algorithm.

2.3. Verification with Model Test

A model test was designed and then carried out to verify the accuracy of the method mentioned
above. In the experiment, the deformation response of monopile in silt was obtained, and then it was
compared with the result calculated by the p–y curve method.

2.3.1. Experiment Materials

The test chamber is a rectangle made of glass fiber reinforced plastics, and its size is annotated
in Figure 5. The external walls are supported by three layers of steel angle to prevent deformation
caused by excessive pressure in the chamber, and cardboard is padded between the steel angle and the
test chamber.
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The model pile is made of stainless steel pipe with an outer diameter of 32 mm, an inner diameter
of 30.6 mm, and a length of 1.5 m. The bending stiffness of the model pile is 1510 N·m2. Thirteen
pairs of strain gauges of 120 Ω resistance were symmetrically set along both sides of the pile shaft and
waterproofing was guaranteed. Eight pore pressure sensors were used to observe the dissipation of
pore pressure in order to determine the degree of consolidation. The arrangement of strain gauges and
pore pressure meters is shown in Figure 5.

The silt for the test is from the Yellow River Delta, and five groups of soil samples with depth of
10–50 cm under the mudline were taken and the average values of soil parameters are listed in Table 2.
The undrained shear strength cu measured by the vane shear test and the sieving curve are shown in
Figure 6a,b.

Table 2. Soil parameters of model test.

Cohesion c
(kPa)

Friction
Angleϕ

(◦)

Density
ρ (g/cm3)

Water
Content ω

(%)
Void Ratio e Plasticity

Index Ip

Effective
Unit Weight
γ (kN/m3)

5 27 1.866 33.6 0.94 9.1 8.66
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2.3.2. Data Processing

The strains were obtained by static strain gauges DH3815 and corresponding system DH3815N.
The range of strain gauge is ±20,000 µε, and the highest resolution is 1 µε. The pore pressure was
continuously monitored by DAQLab 2005. A horizontal displacement sensor was arranged at the top
strain gauge to record the horizontal displacement at mudline. The model of horizontal displacement
sensor is MS-50, and the accuracy is 1% mm.

The loading process was applied in six stages by weights, and each level was 8.3 N, 21.05 N,
33.8 N, 46.55 N, 59.3 N, and 72.05 N. The interval between each load level is 1 h. With the measured
strains, the bending moment curve can be calculated as follows:

M(z) =
εEI

a
(7)

where ε: measured strains and a: outer diameter.
The displacement can be obtained by integrating Equation (7):

y(z) =
1
EI

x
M(z)dz2 (8)
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2.3.3. Result Analysis

The p–y curve for silt was given by Wang et al. [21]:

p = Aputanh(
K
pu

y) (9)

where A = 1.26.
With the given p–y curve and iterative solution above, the normalized horizontal displacement of

each point of monopile under mudline was obtained. The deflection curve of monopile (F = 46.55 N) is
drawn and compared with the result of model test, which is shown in Figure 7.

The results of finite difference calculation are slightly larger than the model test, but the overall
trend of numerical analysis is generally consistent with the model test. The error of depth of rotation
point is less than 10 mm, and the maximum error of normalized horizontal displacement is no more
than 0.04.
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2.4. Verification with Field Test

The numerical results are verified by the field tests on lateral monotonic and cyclic loadings of
offshore piles carried out by Zhu et al. [22]. According to the field test data, the p–y curves are imported
into finite difference calculation program. It should be noted that the interior of pipe pile is filled with
C30 concrete, and the top 0.9 m of pile length is deliberately not grouted for construction purposes,
so it is critical to calculate the combined stiffness of steel pipe pile and concrete. If the stiffness is
simply taken as steel pipe pile, the calculated stiffness will be smaller than the real combined stiffness,
and the calculated displacement will be larger. In this paper, the combined stiffness is calculated by
the method suggested by Kang et al. [23]. After the calculation, the displacement at the loading point
under different level of loads is collected, and the calculated value is compared with the measured
value, as shown in Figure 7b.

In order to simplify the calculation, it is assumed that the C30 concrete is grouted along the
whole length of the pipe pile. Therefore, the displacement calculated is slightly lower, but close to the
field data.

Through the comparison of numerical calculation results with model test and field test, it can
be seen that, by selecting appropriate p–y curves, calculating iteratively through the finite difference
method, the accuracy and reliability of displacement analysis is satisfied.
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3. Consideration of Local Scour

To study the influence of local scour on monopile, the scour characteristic must be clarified,
which is the basis and reference for the scour effect. On the basis of the Dafeng Offshore Wind Farm in
Jiangsu Province, scour around large diameter monopile was surveyed and data including mudline
altitude, erosion or deposition volume, maximum scour depth, and topographic fluctuation changes
were collected. The water depth is 8~14 m, the wave height is 1~2 m, and designed pile outer diameter
is 5.5 m. Besides pile 49#~52#, which were not investigated owing to weather conditions, a total of 68
sets of data were obtained.

3.1. Investigation Equipment

PDS software is used for navigation. The survey lines are arranged in the AutoCAD map, and then
converted into navigation files. The positioning parameters and recording mode are set using the
navigation software. Then, the depth sounder, locator, wave compensator, and computer are connected
to guide the survey ship into the survey lines, and can locate and sound the measuring points according
to the specified distance, and correct the course at any time according to the navigation software
display. POSMV positioning system is adopted, which has the advantages of convenient operation
and high accuracy. See Figure 8a for the position equipment.
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Figure 8. Investigation equipment: (a) POSMV positioning system; (b) SeaBat T50-P multibeam
bathymetric system.

Along with optical fiber compass, motion sensor, and professional underwater topographic
mapping software, the SeaBat T50-P multibeam bathymetric system of Teledyne Reson company was
used for survey, and real-time topographic changes in the whole field are obtained. The apparatus
has an adjustable working frequency of 190 kHz~420 kHz, the detection angle can reach 165 degrees,
and the sounding resolution is 6 mm. SeaBat T50-P multibeam sounding system is shown in Figure 8b.

3.2. Scour Characteristics

3.2.1. Range of Scour

The surveying range is 35 m in the center radius of the monopole. In the center radius of 17 m~35 m,
the topographic fluctuation changes are very small (<1 m), and the average altitude is very close to the
original designed mudline altitude (<0.1 m). The erosion or deposition are mainly concentrated in the
range of 17 m from the center radius of monopile foundations, about 3D. The volume varies between
−4307 m3 and 199 m3, and the average value is −1983 m3. Except for the positive values of pile 7# and
65#, that is, deposition, the value of other monopile foundations is negative, that is, erosion. Figure 9a
is the normal probability plot of erosion and deposition volume.
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According to the scour depth obtained from 68 monopiles, the minimum is 2.24 m (0.41D),
the maximum is 9.18 m (1.67D), and the average is 5.67 m (1.03D). The scouring depth is mainly
concentrated in the range of 4 m~7 m, accounting for about 70% of the total number of monopiles.
Figure 9b shows the normal probability of the distribution of maximum scour depth.

3.2.2. Pattern of Scour

(1) erosion in front and deposition behind

This pattern is typical for large diameter monopile. The morphology of local erosion and deposition
around monopiles represents the majority in this survey, instead of regular scour pits. As shown in
Figure 10a–d, the topography around the pile can be obviously divided into three parts: erosion area
in front of the pile, deposition area behind, and symmetrical development area on the side.

Flow field changes because of monopile, and the velocity difference between the near bottom
and the upper layer occurs; meanwhile, the water particles’ movement produces a vortex system,
which leads to erosion in front of the pile. Because monopile’s diameter is much larger than the
wavelength, the shield effect and diffraction will occur in the area behind the pile. The sediment
carrying capacity of water flow here will be weakened, resulting in sediment deposition behind the
pile. In the process of sediment transport on both sides of the pile foundation, affected by hydraulic
and topographical conditions, whether it is erosion or deposition on the pile side may be unclear, but
they have good regularity and generally develop symmetrically.

(2) annular scour with scour pit

A small number of monopiles showed another pattern, and the representative morphology is
shown in Figure 10e,f. The shape of the scour pit is relatively regular, which is an inverted cone, and the
lateral range of erosion and deposition is distributed in a circular manner. This pattern often occurs in
the local scour around the long slender pile rather than monopile, and the topography differences may
contribute to this result.

The results show that, except for a few obvious scouring pits around large diameter monopiles,
most monopiles do not show regular scour pits, but rather local erosion and deposition.
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3.3. Scour Effect

The most intuitive morphological changes are the erosion and deposition around pile and the scour
pits. The traditional method in practical engineering is to reduce the embedment depth by removing a
certain depth of soil according to the maximum scouring depth of scour pit [10,11]. This method is
simple, but too conservative in design. The other method considers the slope angle, area, and other
factors of the scour pit and introduces the stress history and wedge-shaped failure mechanism [12],
which improves the accuracy, but it is complex in practical application.

More importantly, the method above is based on the appearance of scour pit, and only when the
shape of scour pit is regular can it be more accurate. Generally, the small diameter piles can satisfy
these conditions. However, from the previous summary, obvious scour pits only occurred in few
monopiles, and there were no regular scour pits for most monopiles. If it is still approximate to the
scour pit, the inherent errors will be introduced in determining the maximum scour depth, slope angle,
and subsequent calculation. Therefore, the traditional method of simply removing soil layer is not
suitable for large diameter monopile.

3.3.1. Morphological Features Equivalence

On the basis of the scour characteristics of large diameter monopile, this paper takes the volume
of erosion and deposition as an equivalent criterion of morphological features, and converts it into the
change of equivalent scour depth in a certain horizontal range. Assuming that the radius of scour
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range is A, the erosion or deposition volume is V, and the pile diameter is D, the equivalent scour
depth Sd can be calculated according to the following equation:

Sd =
V

π(A2 −D2)
(10)

From the conclusion above, erosion and deposition are mainly concentrated in the center radius
of 3D, then Equation (10) can be rewritten as follows:

Sd =
V

8πD2 (11)

Taking pile 1#, 7#, 19#, 37#, 40#, and 57# as examples, equivalent scour depths are calculated by
erosion and deposition volume, and the results are shown in Table 3. Compared with the maximum
scour depth, the absolute error is 2.88 m~4.03 m, the minimum relative error is 40.9%, and the maximum
relative error can reach 103.6%.

Table 3. Comparison between maximum and equivalent scour depth.

Pile
Number

Scour
Volume/m3

Maximum Scour
Depth/m

Equivalent Scour
Depth/m

Absolute
Error/m

Relative
Error/(%)

1 −1602 −4.85 −1.97 2.88 59.4
7 113 −3.89 0.14 4.03 103.6

19 −1163 −5.05 −1.48 3.62 71.7
37 −2708 −6.83 −3.33 3. 05 51.2
40 −4307 −9.18 −5.30 3.88 42.3
57 −2931 −6.10 −3.61 2.49 40.9

3.3.2. Mechanical Properties Equivalence

Scour also changes the mechanical properties of soil, including the coefficient of consolidation
degree, lateral earth pressure, void ratio, effective internal friction angle, and effective unit weight.
Among them, the change of unit weigh is the largest, and other changes are relatively small [24].
In order to simplify the calculation, facilitate engineering application, and ensure sufficient accuracy,
the stress history is taken as the mechanical equivalent criterion to modify the effective unit weight of
soil in a certain longitudinal range. According to API, the influence is mainly within 6D, so the soil
unit weight after scour γ′sc is as follows:

γ′sc =
6D

6D− Sd
γ′ (12)

Taking pile 1# as an example, the pile length is 40 m, and the soil parameters used for calculation
are listed in Table 4, where lateral load F = 400 kN, equivalent scour depth is 1.97 m, and the effective
unit weight is corrected; the results are shown in Figure 11a–c. Compared with the traditional method
of simply removing a certain depth of soil, the errors of maximum value of shear force, bending
moment, and horizontal displacement are 16.2%, 10.6%, and 46.4%, respectively.
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Table 4. Soil parameters of the construction site.

Soil Layer
Number Soil Name Depth/m Effective Unit

Weight/(kN/m2)
Friction

Angle/(◦) Cohesion/kPa

1 Clay 0–2.4 7.6 2.3 4.5
2 Medium sand 2.4–6.1 8.1 23 0
3 Clay 6.1–15.9 7.8 3.5 9.7
4 Medium coarse sand 15.9–19.8 8.5 23 0
5 Sandy clay 19.8–21.4 9.3 13 30
6 Silty clay 21.4- 10.5 26 25
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4. Displacement of Large Diameter Monopile under Scour

The numerical analysis was verified in Section 2, and the scour effect was quantified in Section 3.
By the proposed frame, on the basis of the data below, a finite element model was established in
ABAQUS. The p–y curves for large diameter monopiles considering scour effect were obtained and
then used to displacement analysis on large diameter monopiles under scour.

4.1. Model Parameters

The soil parameters in the construction site are shown in Table 4. The total length of the pile shaft
is 40 m, and the embedment depth is 30 m. The outside diameter is 4 m and the wall thickness is
100 mm [25].

Zhang et al. [5] have verified that the isotropic hardening model can accurately predict the
stress–strain behavior of saturated soil, so the Mises yield criterion and isotropic hardening model
are adopted in this study. The initial and limiting yield stress were obtained by tri-axial CU test,
and 15 sets of subsequent yield stress and corresponding strain were imported to ABAQUS to describe
the strain-hardening in the stage of plastic. The three-dimensional model is meshed by eight-node
hexahedron element and reduced integration and hourglass control is used in the analysis. A surface
to surface interaction is created to simulate the pile–soil interaction. To avoid the boundary condition
effect, the soil is 160 m in diameter and 60 m in height. The soil and pile interaction surface was
idealized as frictionless. The grid within 24 m of monopile foundation is densified. The finite element
model is shown in Figure 12a.
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Figure 12. Finite element model established in ABAQUS. (a) Soil and pile model and grid densification;
(b) remove soil element and increase γ’.

The equivalent scour depth was increased by 1 m each time, and the effective unit weight within
6D range was corrected correspondingly (Figure 12b), where the green part represents the equivalent
scour depth of soil and the yellow part represents the soil layer to be corrected. P–y curves were
extracted every 1 m. Figure 13 shows the p–y curves under different depths. According to the obtained
p–y curves, the displacement was calculated every 1 m. The load acts on the pile head horizontally,
and the direction is from left to right. The load is applied from 100 kN, increasing by 100 kN at each
level and stopping at 600 kN. The results are collected and plotted in Figures 14 and 15.
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Figure 14. Pile head displacement of monopile under scour. (a) Scour depth–displacement under
different load levels; (b) load–displacement under different scour depths.

Appl. Sci. 2020, 10, x FOR PEER REVIEW 14 of 19 

 
Figure 13. P–y curve under different depths. 

 

0 100 200 300 400 500 600
0

2

4

6

8

10

12

14

16

18

20

no
rm

al
iz

ed
 p

ile
 h

ea
d 

di
sp

la
ce

m
en

t y
/D

 /1
0-3

load /kN

 without scour
 Sd=0.5D
 Sd=1D
 Sd=1.5D

 
(a) (b) 

Figure 14. Pile head displacement of monopile under scour. (a) Scour depth–displacement under 
different load levels; (b) load–displacement under different scour depths. 

 
Figure 15. Scour depth–apparent fixity depth under different load levels. 

4.2. Discussion 

0.00 0.02 0.04 0.06 0.08 0.10 0.12 0.14 0.16 0.18
0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

p/
p u

y/D

 z=2m
 z=4m
 z=6m
 z=8m

0.0 0.5 1.0 1.5 2.0 2.5
0

2

4

6

8

10

12

14

16

no
rm

al
iz

ed
 d

isp
la

ce
m

en
t y

/D
 /1

0-3

scour depth Sd/D 

 F=100kN
 F=200kN
 F=300kN
 F=400kN

0.0 0.5 1.0 1.5 2.0 2.5
8.1

8.2

8.3

8.4

8.5

8.6

8.7

8.8

de
pt

h 
of

 a
pp

ar
en

t f
ix

ity
 p

oi
nt

 z/
D

scour depth y/D

 200 kN
 400 kN
 600 kN

Figure 15. Scour depth–apparent fixity depth under different load levels.

4.2. Discussion

(1) Figure 14a shows the relationship between scour depth and pile head displacement under each
level of load. In the higher load level, with the increase of scour depth, the pile displacement
increases nonlinear obviously; at the lower load level, the pile displacement changes little with
the increase of scour depth, or can be approximately linear correlation.

(2) It can be seen from Figure 14b that the displacement and load are nonlinear, whether or not scour
occurs. When the load is less than 200 kN, the effect of local scour is not obvious. When the
scour depth is 0.5D, the pile head displacement after scour can reach 1.4 times of that before scour.
When the scour depth is 1.5D, it can reach 3.6 times of that before scour.

(3) According to the position of the minimum positive and negative displacement, the point of
apparent fixity (y = 0) could be determined by linear interpolation. Displacement under each level
of load was collected. It can be seen from Figure 15 that the depth of apparent fixity decreases
with the increase of scour depth. Taking the scour depth 2D as an example, when F = 200 kN,
the apparent fixity depth increases by 1.2 m; when F = 400 kN, the depth increases by 0.4 m;
and when F = 600 kN, the depth only increases by 0.1 m. In other words, the greater the load,
the smaller the impact of scour on the apparent fixity depth. That is to say, at a high load level,
scour has less influence on the apparent fixity depth. At a low load level, scour has a greater
influence on the apparent fixity depth. This is because, at a high load level, the soil deformation
has been fully developed and the pile displacement and rotation are mainly affected by the
amplitude of load, so the influence of scour is relatively limited, thus the depth of apparent fixity
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has no obvious change under scour. Meanwhile, at a low load level, the soil deformation is small,
and scour deteriorates the soil conditions and reduces the embedment depth; thus, compared
with load amplitude, scour also has a great influence on the depth of the apparent fixity.

5. Sensitivity of Pile Head Displacement under Scour

The increase of pile diameter, embedment length, and wall thickness can reduce the displacement
of monopiles, but the variation characteristics under scour are not clear. For example, the horizontal
displacement can be reduced by altering a certain pile parameter, but its effect may be greatly reduced
under scour, which decreases the economy and safety of monopile foundations. Therefore, in this
section, by discussing the relationships between pile head displacement, pile parameters, and scour
depth, the sensitivity of displacement under scour is studied. This is how the analysis is realized:
keeping the scour depth fixed to study the relationship between pile head displacement and pile
parameters; and keeping the pile parameters fixed to study the displacement before and after scouring.
To quantify the variation extent of horizontal displacement before and after scouring, the concept of
scour sensitivity S is defined, which takes displacement as reference:

S =
dt

d0
(13)

The value of S represents the susceptibility to scour. A higher value of S indicates a larger ratio of
displacement after scour than that before scour, and that the parameter studied is more susceptible to
scour. In the same way, a lower value of S indicates a smaller ratio of displacement after scour to that
before scour, and that the parameter studied is less susceptible to scour.

According to Section 3, the average scour depth is 1.03D, and in order to facilitate the comparison,
all scour depths in this section are taken as 1D. The initial pile diameter, embedment length, and wall
thickness are 4 m, 40 m, and 100 mm, respectively. The value of pile parameters increases by 50% from
the initial value, and the changes of displacement and scour sensitivity of pile head are compared.
The load is applied to the top of the pile, with the amplitude of 600 kN and the direction from left
to right.

5.1. Pile Diameter

The pile length and wall thickness of large diameter monopile is fixed, and the pile diameters
of 4, 4.5, 5, 5.5, and 6 m are input in sequence. When the pile diameter increases from 4 m to 6 m,
the horizontal displacement of pile head decreases from 47.7 mm (11.925 × 10−3) to 26.9 mm (6.725 ×
10−3), which is 58% of the original value. The scour sensitivity decreased slightly from 2.35 to 2.23.
The normalized displacement and sensitivity of pile head calculated under different pile diameters are
shown in Figure 16. This illustrates that increasing the pile diameter will reduce the pile displacement,
and the susceptibility to scour decreases slightly.

5.2. Pile Length

Figure 17 shows the normalized horizontal displacement and scour sensitivity of pile head under
different pile lengths. The length of pile increases from 40 m to 60 m; the normalized horizontal
displacement of pile head decreases from 11.925 × 10−3 (47.7 mm) to 4.55 × 10−3 (18.2 mm), becoming
38% of the original; and the scour sensitivity decreases from 2.35 to 1.34. It can be seen that increasing
the pile length can significantly reduce the horizontal displacement of the pile body, and at the same
time, the scouring sensitivity is also greatly reduced, which means the displacements are affected by
scour to a lesser extent.

When the pile length reaches 50 m, the pile head displacement is 4.675 × 10−3, and the scour
sensitivity S is 1.37. After that, increasing the pile length will not lead to an obvious change of horizontal
displacement and scour sensitivity, so it could be considered as a critical value.
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5.3. Wall Thickness

The influence of wall thickness on normalized pile head horizontal displacement under scour is
shown in Figure 18. When the wall thickness increases from 100 mm to 150 mm, the displacement of
pile head only decreases by 2.4 mm (0.6 × 10−3), while the scour sensitivity increases from 2.35 to 2.42.
That is to say, increasing the wall thickness has little effect on reducing the horizontal displacement and
results in increased susceptibility to scour. So, increasing the wall thickness of monopiles to restrict the
pile displacement is unreasonable when taking scour into consideration.
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6. Conclusions

(1) By selecting appropriate p–y curves from lab or field tests, calculating iteratively through
finite difference program, the numerical frame introduced in this paper is feasible for the
displacement analysis of large diameter monopole, and the accuracy and reliability of this method
are satisfisfactory.

(2) The scour characteristics were concluded by field data from Dafeng Offshore Wind Farm.
The range of scour is mainly concentrated 17 m from the center radius of monopile foundations,
about 3D. The maximum scour depth is 9.18 m (1.67D), and the average is 5.67 m (1.03D). Instead
of regular scour pit, scour for large diameter monopile shows local erosion and deposition.

(3) A new method applicable to large diameter monopile to take account of scour effect was proposed.
In this study, the erosion or deposition volume and stress history were used as “memories” for
the scour effect. Compared with the traditional method of simply removing a certain depth of
soil, the errors of maximum value of shear force, bending moment, and horizontal displacement
are 16.2%, 10.6%, and 46.4%, respectively.

(4) P–y curves of large diameter monopile considered scour effect were obtained by ABAQUS.
The deformation characteristics of large diameter monopile under scour were studied with the
proposed numerical frame. With the increase of scour depth, the horizontal displacement of
pile head increases nonlinearly. Under test conditions, the pile head displacement after scour
can reach 1.4–3.6 times of that before scour. The depth of rotation point moves down with the
increase of scour depth. At a high load level, scour has less influence on the rotation point depth;
instead, scour has a greater influence at a low load level.

(5) The relationships between pile head displacement, pile parameters, and scour depth are discussed.
For different pile parameters, not only should the displacements be compared, the susceptibility
to scour should also be evaluated. The analysis indicates that increasing the pile length is a more
reasonable way than pile diameter and wall thickness to limit the scour effect on displacement of
a large diameter pile. The definition of scour sensitivity is proposed, which may provide ideas
for the design and analysis of monopile under scour.
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