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Abstract

With the development of ocean engineering, monopiles with a large diameter foundation have
gradually replaced those with small diameter and been applied to more and more ocean
structures. The responses of monopiles with small diameter under wind, wave, current and
seismic loads have been extensively studied. However, not too much work on large-diameter
monopile (>9 m) has been carried out. In this study, finite element method (FEM) is adopted to
study a monopile with a diameter of 9 m, and the mechanical responses are presented. Some
mechanical responses are presented by ABAQUES.
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1. Introduction

Monopile is the most widely used foundation type for offshore wind turbines (OWTs) at
shallow water. Because of its simplicity of installation, economical and the widely proven
success of buried piles in supporting offshore resources acquisition facility, this kind of
foundation has been thoroughly studied. Monopile for OWTs is a long steel component,
commonly 22 - 40 m long, 3 - 6 m in diameter[1], with certain flexibility, usually penetrated
in soil to support the upper structure. Wind and wave loads are usually the most common and
important environment loads for the design of offshore wind turbine structure. In addition, in
some extreme enviroments conditions, ice load and seismic load are also needed to be
considered. Therefore, with the development of the engineering practice and the
accumulation of experience, it is vital to gradually study the responses of OWTs subjected to
combined wind, wave and other load actions[2].

Wang and Zhao et al[3], investigated the dynamic responses of offshore wind turbine (OWT)
supported on monopile foundation in clay subjected to wind, wave and earthquake actions.
Several affecting factors, such as wind velocity, induction factor, wave period, peak ground
acceleration, and soil parameters on the dynamic responses of the system were studied.
Zheng and Li [4]studied the joint action of strong ci earthquakes and moderate sea conditions,
and investigated the structural response in dry flume, low and high calm water levels, with
and without regular or random waves. The results show that the overlook of the effect of
wave action in seismic analysis will lead to a underestimation of structural response,
especially when the monopile foundation is dynamically sensitive. Chen and Huang[5] studied
the vulnerability of the monopile for the offshore structures during seismic events. In the
study, an integrated 3-D numerical model is set up to investigate the dynamic behavior of
monopile-seawater-seabed coupling system in the frequency domain. The seismic responses
of the coupling system, such as hydrodynamic pressure of seawater, pore pressure in seabed,
as well as acceleration amplitudes in pile and seabed, are discussed. Besides the mechanical
design, the durability of construction is also considered. Caglar and Geoffrey[6] studied the
design and implementation of a cathodic protection system for offshore steel monopiles., and
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compared the requirements for coated and uncoated structures and discussed the other
factors that need to be taken into consideration. Klar and Osman[7] presented an energy
approach for the prediction of non-linear foundation behaviour. It was shown that the
approach provides a fair estimation of the overall foundation response. Under large
displacements the method degenerates into conventional upper-bound calculations. Jonkman
et al[8] presented model dynamics of floating-platform supported and monopile-supported
offshore turbines. Results showed that the hydrodynamic and elastic-foundation effects
strongly influence the turbine modal dynamics.

Among all the studies, the lateral resistance of piles under soil-pile interaction is one of the
key design considerations in many civil engineering structures both in onshore and offshore
environment. Wind, wave and earthquake create significant lateral loads on piles. The
response of a pile under lateral load is governed by the interaction behavior of complex three-
dimensional soil-pile interaction. Various approaches have been proposed in the past to
analyse the laterally loaded pile. As the main focus of the present study is to investigate the
response of a free-headed single steel pipe pile in sand under lateral load, some previous
studies and calculation methods are presented in the next part.

However, a large number of studies only focus on the foundations with small diameter,
interacting with soil in single layer. The existing research results are not appropriate for
foundations with large diameter in multiple layers of soil. The purpose of this paper is to
present a series of finite element analysis of a steel pipe pile with a large diameter in sand and
clay layers subjected to lateral load. In this paper, a monopile with a diameter of 9 m in soil is
studied. The soil is consisted of 6 layers of sand or clay, means it is hard to calculate with
formula or specification (Figure 1). Therefore, a 3D finite element model is built to simulate
the interaction between soil and pile. Mechanical responses will be revealed and discussed
based on the model.
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Figure 1. OWT model.
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2. Methodology

Marine structures are subjected to loads induced from wind, wave, current and other
environmental loads. The foundation of the structure interacts with the soil. The lateral
deflection of pile head is strictly controlled in current design practice, especially in limit state
design. The mechanical properties of soil are complicated, the interaction between pile and
soil is always a focus in engineering practice and study. The failure of the pile-soil system is
affected by the material, physical dimension and constraint condition. When the length of the
pile is short and the head is free, the failure is subjected to the shear strength of the pile and
the resistance of the soil. For long piles, the failure is subjected to the maximum bending
moment and the resistance of the pile. So the lateral resistance of the soil interacting with the
pile is the focus of the academic research for a long time.

Several methods are used to study the lateral load deflection behavior of piles with soil: m-
method, P-Y curve method, Apparent Fixity Length method (AFL method), coupled spring
method and FEM.

2.1. m-method

In the m-method, the soil is assumed as linear elastic, ignoring the plasticity of soil. Therefore,
it performs well with small deflection of pile, and it's gradually unsuitable with the increase of
the load. However, as a simple and convenient method, it is written into the recommended
practice and widely used for the pile-soil interaction analysis. The interaction force between
the pile and soil is assumed to be in direct ratio to the pile-displacement. The proportional
coefficient m of the lateral resistance coefficient of foundation soils is linear growth with the
depth. The m is considered to be a fixed value but in fact it's decreased with the increasing of
load. It’s applicable only in elastic stage in which the plasticity of the soil is ignored. However,
as a simplified and convenient method, it is writen into the recommended practice for the
pile-soil interaction analysis. The modulus of soil reaction is as follows:

K. =m-B,-Z 1)
where, m (kN/m4 ) is the proportional coefficient of the horizontal resistance coefficient of
foundation soils[10]; BO (m) is the calculative width of pile, and Z is the depth.

2.2. P-Y curve method

In 1956, Mcclelland and Focht proposed p-y curve method to calculated nonlinear lateral
resistance. Matlock proposed a method to define p-y curves in soft clay. Then Reese and
O’Neill proposed method to define p-y curves in hard clay and sandy soil. The above three
curves had been included in API specifications.

P-Y curve method is modified based on the Winkler foundation theory. A series of
independent nonlinear springs are modeled to describe the soil(Figure 2). Because of the
consideration of the spring nonlinearity, the curve can describe the non-linear or plasticity of
soil. Theoretically, it is more accurate and suitable than m-method for offshore project[11].
The formula of soil reaction is as follows,
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Figure 2. P-Y curve model.

For soft clay, the formula is defined in API specification as (2), where pu is the ultimate
reaction force of the soil. D is the diameter of the pile, Z is the depth, ] is a constant of 0.25 ~
0.5, Cu is the undrained shear strength, and ZR is the critical depth when the strength starts to

decrease which can be calculated by (3). Where 7 is the effective unit weight of the soil.

3C, +;/Z+JC”Z 0<Z<Z7,
Py = D
9C TR
! (2)
76D
J+yD/C, 3)
With pu, p-y curve can be calculated by (4) and (5), where €50 is the strain when the stress is
the half of the maximum stress.
1/3
P _os (Lj
Py Ys0 (4)
Vso = 2.585D (5)
For hard clay which Cu>96 kPa, Reese proposed the formula in (6).
2+£+2'83Z .C..D
P, = ¢ D
11C D
u (6)
For shallow sand, the formula is defined in API specification with (7), and the coefficient for
deeper soils can be obtained by (8)
F,=(C-H+C,-D)y-H (7)
p,=C-D-y-H (8)

where C1, C2, C3 are parameters about the soil,y is the effective unit weight of the soil, D is the
diameter of the pile and H is a certain depth of the soil. With the pu from the (7) and (8), the p-
y curve can be calculated by (9):

p=4-p, b=

)
Py 9

where A is the correction factor considering cyclic load or dead load, k is the initial foundation

14



International Journal of Computing and Information Technology Vol 1, No. 1, 202z
ISSN: 2790-170X DOI: 10.56028/ijcit.1.1.11
reaction modulus. A can be calculated by (10):

4=(3-082)>09
D (10)

2.3. AFL method

The AFL method is relatively simple, which is generally adopted to simplify the pile-soil
interaction. It simulates a pile in the soil with an equivalent pile fixed in rigid foundation pile.
The length of the pile ensures that the actual pile-soil stiffness coupling system has the same
features to the model (Figure 3). Because of the nonlinear characteristics of soil, the stiffness
of the soil should be a function of the load. This method is only applied well on a small scale
with high accuracy. Cantilever beam is substituted for the pile for the AFL method.

N A

Figure 3. AFL method.
2.4. Coupled spring method

This method simulates the stiffness of a pile inserted into the seabed with two interrelated
springs to describe the soil-pile interaction (Figure 4).

Figure 4. Coupled spring model.
2.5. Finite element method

In the FEM, the structure is modeled as continuum, which is presented by Poulos in a single
pile-ideal elastic soil model in 1971.Then FEM is accepted and used widely by researchers.
Kourkoulis et al[12] investigated the response of wind turbines founded on suction caissons
and subjected to wave and earthquake loading using non-linear three-dimensional finite-
element analyses. G Cao et al[13] carried out the component analysis of OWTs subjected to
soil, wave and wind load. The difference of the dynamic responses between the OWT model
with traditional p-y method and the new model is compared based on 3D finite element
method. The numerical analysis shows that traditional p-y method overestimates the top
displacements of OWT under stochastic wind and wave loads.
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3. Numerical modeling

In this paper, ABAQUS is used to model the soil-pile interaction system for finite element
analysis. Compared with other softwares, ABAQUS has the advantage of high accuracy in
calculating soil nonlinearity. Therefore it is widely used in the analysis of pile-soil interaction.
In addition, ABAQUS has a good post-processing function, which can intuitively display the
deformation and stress nephogram of pile and soil.As the model is presented in Figure 5, the
pile is modeled as a solid pile with an equivalent stiffness. The equivalent stiffness is
calculated as the ratio of the bending stiffness for a hallow pile and a solid pile, assuming a
steel Young's modulus of 210 GPa. It is modeled as a linear elastic material with an equivalent
stiffness, E', of 19.79 GPa and a Poisson's ratio, v, of 0.3. The diameter of the pile is 9m, and the
length is 45 m. The soil domain is created with 189m diameter(from -10.5*D to 10.5*D) and
90 m depth, The steel pile is located in the center of soil domain, completely buried in the
earth. The size of soil domain is large enough to ignore boundary effects. All degrees of
freedom are restrained in the bottom of soil, while the curved face of the soil domain is

restrained from any radical displacement, and the top is free. The parameters used for pile is
shown in Table 1.

Both soil and pile are modeled using the solid homogeneous C3D8R elements, which are 8-
noded linear brick element with reduced integration and hourglass control. This kind of
element is more applicable to interaction analysis, with a higher accuracy of displacement
results, and will not create shear locking problem.
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Figure 5. Finite element model.
3.1. Model of soil

The soil is consisted of sand layer and clay layer, which is simulated with Mohr- Coulomb
theory. The soil has an effective unit weight, y', of 10 kN/m3 . The stiffness and strength

properties of the sand layer have been decided based on correlations in literature[14] and
shown in Table 2.

For clay layers in Abaqus analyses, the Mohr-Coulomb model is utilized. By specifying 0°
friction angle and 0°dilation angle, it reduces tothe pressure-independent Tresca model. A
Poisson's ratio v of 0.48 was used to simulate undrained conditions. An elastic modulus E is
specified which remains constant in each layer to calculate the elastic deformation over the
entire stress range. The equivalent elastic shear modulus G can therefore be calculated by:

_E
C2(1+v)

(11)

For undrained conditions, with v = 0.5, G = E/3. In Abaqus, it allows for specifying a table of
plastic shear strain yp versus mobilised shear stress t to consider the nonlinear stress-strain

16



International Journal of Computing and Information Technology Vol 1, No. 1, 202z
ISSN: 2790-170X DOI: 10.56028/ijcit.1.1.11
material behavior[15]. In this study, the stress-strain responses are calculated using the
hardening relation described by (12) and then used as input in Abaqus.

_ YT/ YE

T
S, 1+v*/vi (12)

where: 7 is currently mobilised shear stress, S, is the shear strength of soil, Y’ is the current

P
plastic shear strain, tis the plastic shear strain at failure (full mobilization).

p
For this study, ¥r=0.15, and the Su and G value of different layers is shown in Table 3.

Table 1. Geometry and mechanical properties of pile used in FEM analysis.

Pile:

Length(L) 45 m
Diameter(D) 9m
Modulus of elasticity of the

pile(E) 19.79 GPa
Poisson’s ratio (v) 0.3

Table 2. Geometry and mechanical properties of sand layer used in FEM analysis.

Sand layer:

Depth(H) 0-3m
Submerged unit weight of soil

™) 10 kN/m3
Reference modulus of elasticity

(E) 24 MPa
Angle of internal friction (o) 34.25°
Dilation angle (y) 4.25°
Cohesion (c) 0
Poisson’s ratio (v) 0.2
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Table 3. Geometry and mechanical properties of clay layers used in FEM analysis.

Clay
layers: Dimension Properties
Clay1 Depth:3-9 m G=37.56 MPa
su =20 kPa
Clay2 Depth:9-18m G=70.4 MPa
su =60 kPa
Clay3 Depth:18-36m G=99.6 MPa
su=120 kPa
Clay4 Depth:36-72m G=140.8 MPa
su=240 kPa
Clay5 Depth:72-90m G=215.6 MPa
su =480 kPa

3.2. Contact condition of soil/pile interaction

The Coulomb friction model helps the direction and magnitude of the frictional interface
between the outer surfaces of the pile and sand. The friction coefficient (p) is defined as
pu=tan(@u ), where @ is the pile/soil interface friction angle. The value of ¢u depends on
surface roughness of the pile and effective angle of internal friction, ¢'. Kulhawy (1991)
recommended the value of @ for steel pipe piles in the range of 0.5¢" ~ 0.9¢’, where lower
values are for smooth steel piles. The value of p = 0.8 is used in this study because of the
stickness of the clay layers, and the normal contact was setted as “hard”.

4. Results and discussions

4.1. Convergence verification

To fully consider the accuracy of the results, refinement is made in the area of twice the
diameter around the pile. Table 4 shows three types of meshing. After certain force applied on
the top of the pile, Figure 6 shows the deflection of the pile of three methods of meshing. It is
clear that three methods of meshing match well with other. In view of type A has the shorter
computation time and acceptable accuracy, type A is determined.

Table 4. Types of meshing.

Element
Type Refinement number
A without special refinement 8260
B refinementon radial direction 16100
C refinementon radial direction and seabed 17180
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Figure 6. Deflection of three methods of meshing.

4.2. Maximum horizontal displacement

By applying certain displacement on the top surface of the pile, load-deflection curve is
presented in Figure 7. It is clear that the reaction has a decreasing growth when displacement
exceeds 1.0 m. Thus, several steps are set to get response of different deflection.
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Figure 7. Curve of reaction and displacement of top surface of pile.

4.3. Bending moment with the pile

Figure 8 shows the bending moment with the pile of different displacement. Because of the
small flexibility, the whole zone of the pile has bending moment. Figure 11 presents 5 lines to
show bending moment of respective displacement. The increase of the displacement of the
pile means the increase of the lateral force applied on the top surface. Every increment of the
displacement will add a decreasing increment of the maximum bending moment at a depth of
25 m. Under the same horizontal displacement condition of the pile, the bending moment
increases gradually from the head, and reached maximum at a depth of 25 m, then decreases

with the increase of depth. For different displacement, the maximum bending moment is
obtained at a depth of 25 m.
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Figure 8. Bending moment of respective lateral displacement.
4.4. Maximum bending moment

Figure 9 shows the variation of the maximum bending moment with lateral displacement. The
maximum bending moment increases linearly with increase in lateral load. However, the
nonlinearity of the increase is obvious when the displacement exceeds 0.8 m.
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Figure 9. Maximum bending moment with the displacement.
4.5. Lateral displacement of the pile

When the pile is subjected to lateral load, the pile deformation is mainly manifested as
horizontal deflection. With the increase of horizontal load, the pile’s deflection occurs in the
deep zone. Figure 10 shows the deflection of the pile with the depth. With the increase of the
displacement, the deflection of the pile increases. The zero deflection point can be calculated
by simple interpolation. Table 5 shows the zero point of every displacement, which decreases
with the increase of the displacement, the mean value is 40.5 m.

Table 5. Zero point of every displacement.

Displacement of top surface /m 0.1 0.3 0.5 0.7 0.9

Zero displacement coordinate of pile /m 40.85 40.53 40.40 40.38 40.30
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Figure 10. Deflection of the pile.

4.6. Stress with pile

In mechanics of materials, Mises stress is an equivalent stress stemed from the fourth
strength theory. It is commonly used to describe complex stress states under combined action
and is the main index to measure the stress level. The calculation formula is:

O':(((O'l-O'Z )2 + (0'1-0'3 )2 +(o,-0, )2 )/2 )

(12)

0,

where O is mises stress, ! is the first principle stress, ~2 is the second principle stress, ~3 is

the third principle stress.

The stress nephogram in Figure 11 -14 shows the mises stress with the pile in different
displacement. It is clear that, with the increasing of the lateral displacement of the pile top, the
stress in the pile in the squeezed side gradually increases from the depth of 20 m below the
seabed to the two ends of the pile.

S, Mises
(r9: 75%)
+1.412e+07

14748405

Figure 11. Stress along the pile in the displacement of 0.3 m.
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Figure 12. Stress along the pile in the displacement of 0.5 m.

S, Mises

(*F19: 75%)
+1.785e+07
+1.646a+07
+1.506e+07
+1.366e+07
+1.2262+07
+1.086e+07
+9.4612406
+8.062e+06
+6.6632+06
+5.264e+06
+3.8652+06
+2.466e+06
+1.067e+06

ODB: Job-5.0db  AbagusiStandard .14-4  Fri Jul 16 10:19:02 GMT+08:00 2021

St £

Tncrament ¢ 6iStep Time = 1000
¥ T X 78S Mises
MR U WAL +1.000e+00

z

Figure 13. Stress along the pile in the displacement of 0.7 m.
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Figure 14. Stress along the pile in the displacement of 0.9 m.
4.7. Soil deformation

When the horizontal load is applied near the pile head, the shallow soil first reaches the
plastic failure due to its low strength, and then the pile deflection continues to develop to the
deeper part, resulting in the deep soil being continuously squeezed by the pile. With the
increase of the load, the deep soil also produces plastic yield. Figure 15 clearly shows that the
lower part of the pile has a rotation phenomenon. Under the viscous effect of the clay, the
displacement of the whole model is mainly the rotation with the bottom of the pile, or in the
vicinity location of the soil. Figure 16 presents the area influenced by the lateral load. The
whole stress state of the soil is shown in Figure 17.
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Figure 15. Displacement of the soil.
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Figure 16. Horizontal displacement U1 contours at the mud surface.
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Figure 17. Mises stress of the soil.

5. Conclusions

In the present study, FEM analyses calculated by ABAQUS are performed for a laterally loaded
pile with a large diameter in soil. Some mechanical responses with different lateral
displacement are presented and the p-y curves are also compared with other methods. In
view of this study, the conclusions of this paper are as follows:

The ultimate displacement of the pile is about 1.0m calculated by displacement controlled
method.

The maximum bending moment exits at a depth of 25m, and a same increment of the depth of
0.2m will generate a decreasing increase.

The zero deflection coordinate exist at a depth of about 40.5m, and the value decrease with
the increase of the load.
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