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Abstract: Concrete foundations have received attention as offshore wind turbine support structures
because of their various advantages. However, because of the lack of information on structural
analysis and the design method of complex marine environmental loads, concrete foundations cannot
be applied on actual sites. Therefore, the structure behavior mechanism and concrete reinforcement
design need to be evaluated based on soil-structure interactions. Herein, an efficient method for
analysis of piled concrete foundations (PCFs) is presented, and the stability of PCF structures is
evaluated under environmental conditions of the coast in Korea for a 3-MW wind turbine. Three
analytical parameters for PCF models were defined to consider soil-structure interaction. The results
of each model were compared with the displacement, stresses, and natural frequencies. Using
the analysis results, a prestressing reinforcement design for concrete foundations was proposed.
Quasi-static analysis showed that maximum displacement was sufficiently small and the maximum
stresses did not exceed the allowable stresses. PCF showed excellent dynamic performance and
structural stability. In addition, stiffness of the soil spring model influenced the natural frequency
rather than the stiffness of the pile type. Detailed analysis of the connections between piles and
concrete need to be studied in the future.

Keywords: piled concrete foundation (PCF); 3-MW turbine model; quasi-static analysis; natural
frequency analysis

1. Introduction

The amount of offshore wind energy has recently increased across the globe as one of the renewable
energy sources. The Korean Government has also started to invest in the offshore wind turbine industry
and will move forward with projects to develop offshore wind farms in Korea. In 2010, the Korea
Government Ministry of Knowledge Economy presented the Offshore Wind Turbine Roadmap that
included a 2.5-GW class offshore wind farm on the southwest coast of Korea with an investment of
10.2 trillion KRW [1]. A private sector-led project was started to build a large-scale 5-GW wind farm off

the coast of southwestern Jeolla Province in Korea. A 1-GW class onshore wind farm and a 4-GW class
offshore wind farm are planned to be constructed by 2023 with the aim of reducing carbon dioxide
emissions by 5.4 million tons.

Meanwhile, many studies focusing on offshore wind turbines in Korea have been completed.
Oh et al. [2,3] studied the feasibility of the offshore wind resources around the Korean Peninsula for
a 100-MW class offshore wind farm and performed an assessment of the wind energy potential at a
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demonstration site in Korea to estimate the economic benefits and establish reliable design criteria.
Kim et al. [4] carried out research on the selection of the optimal site for an offshore wind farm around
the Korean Peninsula by comparing economic benefits of the development project to the entire cost.
From this research, it was concluded that the construction of an offshore wind farm along the coast
near Buan-gun and Yeonggwang-gun in Jeolla Province was preferred from an economic and site
applicability standpoint. Oh et al. [5] preliminarily evaluated the offshore wind turbine monopile
foundation dimensions based on the site conditions near the island Wi-do in the West Sea of Korea by
considering aerodynamic loads and hydrodynamic loads. They presented foundation design methods
and optimal dimensions of the monopile foundation for the selected site. For the feasibility study
of the 5 MW offshore wind turbine substructures in Korea’s southwest coast, Shi et al. [6] compared
the dynamic responses of different substructures, including the monopile, jacket, and multipile, by
performing an eigenvalue analysis and a coupled aero-hydro-servo-elastic simulation.

There are many types of support structures, such as the steel monopile, steel jacket, and the
concrete gravity-based structure (GBS). The most used type is the steel monopile, which has a transition
piece to aid installation. Recently, however, the concrete GBS has been preferred because of its cost
efficiency for large-capacity wind turbines in the deep sea [7–9]. However, a new type of structure that
consists of concrete and steel materials is being developed due to the limitation of GBS. In December
2012, BAM Energie [10] presented a cutting edge concrete gravity base foundation suitable for larger
offshore wind turbines in deeper waters. It consists of a concrete caisson and steel shaft; the base is cast
onshore and then installed offshore using standard vessels, thus eliminating the need for heavy lifting
equipment. Kim [11] proposed a new hybrid type of cost-efficient support structure composed of a
concrete tripod and steel shaft. To validate the new structure, a preliminary design concept was applied.
Despite these efforts, that kind of structure was difficult to apply to the southwest coast in Korea where
weak soil is too deep to sustain the GBS structure. To overcome the disadvantages of the existing type
of offshore wind turbine support structure, Kim et al. [12] suggested a new hybrid concrete support
structure. The suggested type was supported not only by a gravity-type foundation, but also by driven
piles, and it was possible to reduce the weight of the structure. Stream function wave theory and
the environmental conditions in the Southwest Coast in Korea were applied, and the hybrid support
structure showed enough structural stability to be applied to real site conditions in Korea. Unlike steel
fabricated of isotropic material, reinforced concrete is a composite material in which the relatively low
tensile strength and ductility of the concrete are counteracted by the inclusion of reinforcement with a
higher tensile strength or ductility. For design of the concrete structure, the ultimate member force is
calculated through structural analysis.

In this study, an efficient method for the analysis of a piled concrete foundation (PCF) is presented,
and the stability of the PCF structure is evaluated under the environmental conditions of the coast
near the Jaeun island in Jeonnam-do of Korea. Three analytical models for PCF were defined to
consider the interaction between soil and structure. The results of each model were compared with
the displacement, stresses, and natural frequencies. Using the results of analysis, the prestressing
reinforcement design for the concrete foundation was carried out. The displacements and rotation
angles, end bearing capacity, and pulling capacity were examined for evaluation of the pile. A pile
foundation installed in soft ground must be secured to support various loads of the upper structure, so
that a desired power can be stably obtained through a turbine. Moreover, natural frequency analysis
was performed to investigate the resonance occurrence in the PCF structure. The study aims to provide
an efficient analysis method and prestressing reinforcement design method through analysis results of
piled concrete foundations for offshore wind turbines and present design references for the future.
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2. Theoretical Background

2.1. Wave Force

Airy wave theory is a relatively simple wave theory with a small amplitude, and the wave curve
is a sine curve. The wave height is assumed to be smaller than the wave length in deep water and
the water depth in shallow, and thus, it is called the small amplitude wave theory. In the small
amplitude wave theory, the waves used in the calculation of velocity and acceleration are periodically
repeated with the same wave height and wave length; thus, the equation of motion is linearized. If the
x-direction is defined as the horizontal direction and z-direction as the vertical direction, surface wave
elevation from the still water level and the water particle velocity can be expressed by Airy wave
theory as follows:

η(x, t) =
H
2

cos(kx−ωt) (1)

u(x, z, t) =
πH
T

cosh[k(h + z)]
sinhkh

cos(kx−ωt) (2)

w(x, z, t) =
πH
T

sinh[k(h + z)]
sinhkh

sin(kx−ωt) (3)

where x and z are Cartesian coordinates with z = 0 at the still water level (positive upwards), H is wave
height, T is wave period, h is water depth, η is the free water surface, u and w are velocity components
in the x, z directions, respectively, k is the wave number,ω is wave frequency defined by 2π/T, and t is
the time. The horizontal and vertical accelerations of the fluid particle, ax and ay, can be calculated by
differentiating u and w over time t, and Equations (2) and (3) can be applied to calculate the acceleration
as follows:

ax(x, z, t) =
2π2H

T
cosh[k(h + z)]

sinhkh
sin(kx−ωt) (4)

ay(x, z, t) =
2π2H

T
sinh[k(h + z)]

sinhkh
cos(kx−ωt) (5)

Wave force can be calculated by Morison equation as follows:

FT =
1
2
ρCDD|u|u +

πD2

4
ρCMax (6)

where FT is the total force, ρ is the density of water, CD and CM are the drag and inertia coefficients,
respectively, and D is the diameter of the vertical cylinder. The first term in Equation (6) is the drag
component and the second term is the inertia component.

2.2. Soil Spring Stiffness

To calculate the soil spring stiffness, a soil model called the Winker model can be used, and the
spring stiffness in the horizontal and vertical directions can be calculated [13]. First, the horizontal soil
spring stiffness at any depth is estimated as follows:

Kh = ks∆ZZ (7)

where Z denotes any depth in soil and ∆Z denotes the spacing between the springs at a depth Z. ks is
the modulus of subgrade reaction at a depth Z, and this can be calculated from some methods, such as
constant distribution, linear distribution, equation by Matlock and Reese, equation by CSN 73 1004,
and an equation from Vesic [14]. The vertical soil spring stiffness can be classified into end bearing
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stiffness Kvb and skin friction resistance stiffness Kv f , as shown in Figure 1. The vertical end bearing
stiffness Kvb can be calculated using Equation (8).

Kvb = ks
D
2

L
( D

D∗

)
(8)

where L is the pile length, D is the diameter of pile, and D∗ is the nominal diameter of the pile. The vertical
skin friction resistance stiffness Kv f can be calculated using the equation given by Pender [15].

Kv f = 1.8Es−tipζλ
0.5− λζ α, (9)

where ζ is the pile ratio (L/D) and λ is the pile-soil stiffness ratio. To get the soil spring stiffness at the
bottom of the pile, the end bearing stiffness and skin friction resistance stiffness need to be combined,
as presented in Figure 1.
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Figure 1. Model for soil springs.

3. 3-MW Class Piled Concrete Foundation Model

The PCF structure to support a 3-MW wind turbine was determined for the offshore conditions
of the coast near Jaeun island in Jeollanam-do of Korea. The dimensions and material properties of
the PCF structure are presented in Figure 2 and Table 1, respectively. The thickness of the steel shaft
is 40 mm, including corrosion thickness, and the outer diameter of the shaft to be connected to the
tower of the 3-MW wind turbine is 4.5 m. The diameter of the concrete foundation is 6.0 m, the outer
diameter of the shaft is 4.5 m, and the thickness is 0.75 m. The diameter of the bottom of the concrete
foundation is 11 m, excluding the concrete sleeve, which is 1.0-m thick. For the pile, which has a 2.0-m
diameter, the concrete-sleeve has a 3.0-m diameter and 0.5-m thickness. To determine the heights
of the shaft and concrete structure, the datum level (DL), mean higher high water level (MHHW),
and maximum wave height are considered. MHHW is DL (+) 4.86 m and maximum wave height is
DL (+) 12.64 m. Thus, the heights of the shaft and concrete structure are DL (+) 16.82 m and DL (+)
9.0 m, respectively, to install the steel platform above the maximum wave height of DL (+) 12.46 m.
Construction cost per 1 MW turbine capacity of PCF was calculated based on the dimensions of the
structure and construction site and was compared to the cost of the jacket structure calculated using the
same site conditions. The cost of manufacturing and construction of 10 PCF structures are calculated
as 4.47 and 23.89 billion KRW respectively, and construction cost per 1 PCF was 2.84 billion KRW.
Therefore, construction costs per 1 MW of PCF structure is 0.945 billion KRW and this is indicated a
cost difference of approximately 7% when comparing with the cost of jacket 1.013 billion KRW.
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Figure 2. Dimensions of piled concrete foundation (PCF).

Table 1. Material properties.

Material Properties

Steel (for shaft)

Specification and Grade: ASTM 572
Elastic Modulus: 200,000 MPa

Unit Weight: 77.0 kN/m3

Steel Strength: 345 MPa

Concrete
Design Strength: 45 MPa

Design Strength for Grout part: 40 MPa ((More than 30 MPa)

PS Tendon
Ultimate Strength: fpu = 1900 MPa

Yield Strength: fpy = 1600 MPa
Nominal Cross-Sectional Area of Strand: Ap = 138:700 mm2

4. Load Conditions and Load Combinations

4.1. Local Site Description

The coast near Jaeun island that was selected for analysis of the PCF structure is located in Jeolla
Province of Korea, as shown in Figure 3. This area has sufficient wind conditions, and the range
of wind velocity is from 7.0 to 7.5 m/s. Water depths are from 20 to 40 m, and the potentials for
power generation by offshore wind turbines in this area are 4 GW and 6 GW within 20 m and 40 m
water depths, respectively. The soil conditions are as shown in Table 2. The soil is sandy or clay
soil. On account of the above conditions, Jeonnam-do announced a 5-GW wind farm project in 2009,
and this project is currently progressing. For this project, the economic feasibility study of the selected
site for the offshore wind farm was conducted from 2012 to 2014. From January 2013 to February 2014,
wind condition data were measured by an offshore meteorological tower, and the mean wind velocity
was found to be 7 m/s.
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Figure 3. Selected site for the 5-GW wind farm project.

Table 2. Soil conditions.

Stratum
Depth γt γsub C φ

(m) (kN/m3) (kN/m3) (kN/m3) (deg)

Sand 0.0~14.0 17.7 10 - 20
Clay 14.0~16.0 16.7 9 10 -
Sand 16.0~25.0 17.7 10 - 30
Sand 25.0~34.0 17.7 10 - 35
Sand 34.0~37.0 17.7 10 - 25
Sand 37.0~44.0 17.7 10 - 30
Sand 44.0~58.0 17.7 10 - 30

Weathered soil 58.0~60.0 17.7 10 - 35
Weathered rock 60.0~64.5 18.7 11 - 35

4.2. Dead Load and Turbine Load

The self-weight, including the steel shaft, platform, and concrete support structure, affects the
whole structure as a dead load. This dead load can be determined from the properties of the construction
material. The weight of the steel shaft can be calculated by adding 5% of the self-weight to consider
the connecting reinforcement in the shaft. We applied 32.634 kN of the self-weight to take account for
the platform. For the turbine load, the 3-MW wind turbine of Doosan heavy industry (WinDS3000)
was considered; the specifications are shown in Table 3 [16]. Tower base loads were calculated based
on the data from the Jeju island offshore wind farm which has a tower height of 62.4 m and a wind
speed (50 year extreme, 10 min) of 46.9 m/s.

Table 3. Specifications of WinDS3000 wind turbine.

Rating 3 MW Rated Wind Speed 13 m/s

Rotor orientation Upwind Cut-out wind speed 25 m/s
Blade 3 blades Nacelle mass 130,000 kg

Rotor diameter 91.3 m Hub mass 30,000 kg
Hub height 80 m Blade mass 100,000 kg

Cut-in wind speed 4 m/s Tower mass 157,000 kg

4.3. Environmental Load

As mentioned above, the targeted site for analysis of the PCF structure is along the coast near
Jaeundo in Jeollanam-do of Korea. The environmental load was calculated based on the marine
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conditions at a water depth of 11.80 m, maximum wave height of 12.64 m, wave period of 13.67 s,
current velocity of 2.52 m/s by tide, current velocity of 6.0 m/s by wind, and maximum wind speed of
70.0 m/s. To analyze the PCF under environmental loads, structural analysis software MIDAS Civil [17]
was used. MIDAS Civil is the general-purpose structural analysis software that has been used in
worldwide and integrated solution system for civil engineering including static analysis, dynamic
analysis, etc. However, the modules to calculate wave force and current force are not included in the
MIDAS software. Thus, wave force and current force were calculated from the equations suggested
by Det Norske Veritas [18], and these forces were applied to the structure as distributed loads in the
MIDAS software.

Depending on the location such as deep water or shallow water, an adequate wave theory was
selected for the computation of wave kinematics such as velocity and acceleration. Using the graph
for finding validity of the wave theories proposed by Le Méhauté [19], a suitable wave theory can be
selected the based on the relationship between dimensionless relative depth h/

(
gT2

)
and dimensionless

wave steepness H/
(
gT2

)
. From this graph, the wave condition in the targeted site was in the area

above the shallow water breaking limit H/h=0.78 with h/
(
gT2

)
=0.00644 and H/

(
gT2

)
= 0.0069. Thus,

the slamming force should be considered, and calculation of slamming force is classified to three
cases according to sea level. In these three cases, the case where the wave force was the largest was
determined. In the case of the highest astronomical tide (HAT), Morison’s equation with Airy theory
in Equation (6) is required. In the case of mean sea level (MSL) and lowest astronomical tide (LAT),
the equation of slamming force with Airy theory in Equation (10) is recommended. Fs =

1
2ρCSDu2

Cs = 5.15
(

D
D+19s +

0.107s
D

) (10)

From the selected site conditions, HAT was 17.66 m (11.8 m + 4.86 m + 1.0 m), MSL was 14.73 m
(11.8 m + 2.43 m + 0.5 m), and LAT was 11.80 m. The largest wave force was calculated in the case of
LAT; 1.0 was applied for the drag coefficient, and 2.0 was applied for the inertia coefficient to calculate
wave forces based on the recommendation from DNV-RP-C205 [18]. Similarly, Morison equation was
used to calculate the current force, and current velocity was applied by using Equation (11).

vz(z) = vtide

(
h + z

h

) 1
7

+ vwind

(
h0 + z

h0

)
(11)

where vtide and vwind are current velocity by tide and wind, respectively. In this study, vtide =2.52 m/s,
vwind =6.0 m/s and 50 m were used.

Total wave force Ftotal along the height calculated by adding all of the forces (drag Fd, inertia Fi,
slamming Fslamming, and current forces Fcurrent) are plotted in Figure 4. Maximum wave force occurred
when the wave period was 7T/8 period (11.916 s). Here, 0 m is the highest position where wave and
current is applied in the vertical axis.
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4.4. Load Combinations

On the offshore wind turbine structure, environmental loads such as the wave load, current load,
wind load, and turbine load due to the turbine located at the top of the tower were applied, and these
loads are appropriately combined by the service limit state to perform the structural analysis. In the
case of prestressing tendon, it is necessary to design using serviceability limit state(SLS), and the
material factor γm for the SLS is taken as 1.0. In this analysis, a total of 12 load cases were applied and
defined by the design conditions and the weather conditions according to IEC 61400-1 International
Design Standards [20], as presented in Table 4. DLC6.1ab, DLC6.2da, DLC6.2ka, DLC6.2fb, DLC6.2kb,
and DLC6.2db are parked and idling situations; DLC2.2cc and DLC2.3bc are power generation and
fault situations; DLC1.4af and DLC1.3a are power production situations; DLC3a is parked and fault
conditions; and DLC8.1al is transport, assembly, maintenance, and repair.

Table 4. Design load cases.

Design Situation DLC Safety Factor

Power production 1.3a 1.35
1.4af 1.35

Power production plus loss of electrical grid connection
2.2cc 1.35
2.3bc 1.10
1.4af 1.10

Parked (standing still or idling)

6.1ab 1.35
6.2da 1.10
6.2ka 1.10
6.2db 1.10
6.2fb 1.10
6.2kb 1.10

3a 1.00

Transport, assembly, maintenance, and repair 8.1al 1.505

5. Structural Analysis and Design

5.1. Structural Modeling

For the structural analysis of the PCF structure, modeling was implemented by the structural
analysis software MIDAS Civil, as shown in Figure 5. The steel shaft and concrete substructure were
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modeled using frame elements, and the pile and concrete sleeve were also modeled as frame elements
to examine the behavior of the structure due to the effects of the pile. Modeling is performed using the
frame element, therefore it is necessary to connect the concrete foundation element and concrete sleeve
element, and an effective connection method needs to be considered.
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Figure 5. Modeling of PCF.

Assuming that the concrete sleeves and piles are sufficiently composited with a length of 4 m,
the rigidity of the concrete foundation itself is high. Therefore, as shown in Figure 5, the concrete
foundation element and the concrete sleeve element are connected using a rigid link. To apply the
behavior of the pile according to the soil conditions, the soil is modeled as an elastic foundation,
and the horizontal and vertical elastic springs are applied to the pile. For the pile, a reverse circulation
drill (RCD) pile with a diameter of 2 m, which is used for marine construction, is applied. The soil
where the PCF structure is located is composed of sandy soil and weathered soil up to a depth of
60 m, as shown in Table 2, therefore piles were penetrated to the weathered soil layer to achieve the
end bearing capacity of the pile. Thus, the total length of the pile was 60 m, and the diameter and
thickness were 1.8 m and 0.05 m, respectively. A 1-m deep pile was modeled as a frame element, and a
total of 60 frame elements were used to model the pile, with horizontal and vertical elastic springs
applied to the center of each pile. The spring stiffnesses were calculated according to the soil conditions
in Section 2.2 and Equations (7)–(9), and the vertical and spring stiffness for each layer are shown
in Table 5.

Table 5. Spring stiffness.

Layer Horizontal Spring Stiffness (N/m) Vertical Spring Stiffness (N/m)

1st 2.251 × 109 1.398 × 107

2nd 1.847 × 109 6.465 × 106

3rd 5.756 × 109 2.492 × 107

4th 9.557 × 109 3.389 × 107

5th 1.406 × 1010 3.688 × 107

6th 1.783 × 1010 4.385 × 107

7th 3.098 × 1010 5.781 × 107

8th 2.976 × 1010 1.296 × 108
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In this study, three analytical parameters (i.e., boundary conditions, type of pile, and location
of stress concentration) are considered for structural models, and each model is defined as shown
in Table 6.

Table 6. Definition of structural models.

Analytical Parameters Model Name Model

Boundary conditions BC-FB Fixed foundation
BC-PL Piled foundation

Type of pile PL-RCD RCD piled foundation
PL-ST Steel piled foundation

Positions of stress concentration
SS-CF Concrete foundation
SS-PS Concrete sleeve

5.2. Quasi-Static Analysis

The support structure is subjected to horizontal loads due to turbine and environmental loads,
therefore the maximum displacement occurs in the horizontal direction. To evaluate the influence
of the use of piles on the PCF structure, the horizontal displacement of the piled foundation model
(BC-PL model) was compared to that of the model using the fixed boundary condition instead of the
pile (BC-FB model). The maximum horizontal displacements of the two models according to the load
case are shown in Figure 6, and the deformed shapes are shown in Figure 7.
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The maximum displacement occurred at the top of the support structure in both models.
The maximum displacements were 0.0167 m in the case of the BC-FB model at DLC1.3a, and 0.0347 m
in the case of the BC-PL model at DLC1.3a. Comparing the displacements of the two models, it can be
seen that the displacement of the BC-FB model is about 46.40% of the displacement of the BC-PL model.
As shown in Figure 7, the fixed model does not cause the displacement of the bottom of structure due
to the fixed boundary condition.

However, because the BC-PL model has the displacement at the bottom of the pile and structure
due to the use of the soil spring, two maximum displacements can be different by about 46.40%.
Therefore, it is an accurate method to implement the analysis of the support structure by modeling the
pile because the displacement difference occurs depending on the use of the pile when evaluating the
behavior of the pile support structure. Notwithstanding the fact that structural analysis is performed
using fixed boundary conditions due to the uncertainty of the boundary condition between soil and
foundation, this result shows that the piled foundation model is required for the analysis of the global
behavior of the structure. The maximum displacement of 0.0625 m in the support structure is 0.22% of
the total length of the support structure of 28.640 m, and the maximum displacements of the 40-m long
monopile and tripod structure in the study of Chen et al. [21] are 0.4864 m and 0.3687 m, respectively.
Thus, it can be concluded that the maximum displacement occurring in the PCF structure is sufficiently
small to be safe for displacement.

In order to evaluate whether the PCF structure is safe under the turbine load and environmental
load, the generated stress and the displacement were evaluated. The stresses that occurred in the shaft,
which is steel, are as shown in Figure 8, and the stresses of the BC-FB model and the BC-PL model
were compared. The stresses in the two models were almost the same, and the maximum compressive
stress and the maximum tensile stress were −47.900 MPa and 40.900 MPa in DLC6.2da, respectively.
Stress distribution on the shaft is shown in Figure 9, and maximum stress was found at the center of
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the shaft. The allowable stress of the steel can be used as the allowable stress of SM400 steel of 185 MPa
as proposed by the Harbor and Fishery design criteria [22], and the material factor γ m for tubular
structures is 1.1 according to DNV-OS-J101. The steel shaft is safe because the maximum stress of
−47.900 MPa does not exceed the allowable stress.
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To evaluate the stresses occurring in the concrete support structure, they were compared to
the allowable compressive and tensile stresses presented in the structural concrete design code [23].
The allowable compressive and tensile stresses of concrete are 0.60 fck and 0.60

√
fck, respectively,

and those stresses were calculated to be 27 MPa and 4.226 MPa, respectively, when the applied concrete
design strength of 45 MPa was used.

As in the case of displacement, the generated stresses for the pile model are compared to those
of the model using fixed boundary conditions, and the maximum stresses according to each load
case are shown in Figure 10. The stresses in the two models show that the same stresses occur in
each load case, except for the tensile stress of DLC2.2cc and DLC6.2fb. The maximum tensile stress
of DLC2.2cc occurred in the concrete sleeve part, and it was found that the maximum tensile stress
occurred differently depending on whether the pile was used. Therefore, it is necessary to model and
analyze the structure with pile modeling for the stress check. Since the maximum tensile stress occurs
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in some load cases, further study about the concrete-sleeve is needed through a detailed analysis.
The maximum compressive and tensile stresses in the PCF structure occurred in the case of DLC6.2da,
and the values were −7.910 MPa and 6.340 MPa, respectively. The stress distribution for this load case
is shown in Figure 11. It can be seen that the maximum stress occurs at the part where the concrete
cone and the cylinder shape are connected (tapered section). Except for DLC2.2cc, the maximum stress
occurred at the same part, and for DLC2.2cc, the maximum tensile stress occurred at the concrete sleeve.
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Figure 12 shows the stresses of the concrete sleeves for all load cases. When the stress is compared
to the stress at the tapered section, it can be seen that the compressive stress is a maximum of 61.59%,
and the tensile stress is about 90.22% when DLC2.2cc is excluded. This means that the bending moment
generated by the load is supported by the shape and strength of the concrete support structure itself,
but the pile penetrated into the soil has a huge influence on supporting the load. Thus, it is necessary
to consider the stresses occurring in the concrete sleeve, as well as the concrete support structure for
the stress evaluation, and additional reinforcement is necessary when the occurred stress exceeds the
allowable stress.
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First, the maximum compressive and tensile stresses in the concrete sleeves were −1.43 MPa and
0.991 MPa, respectively. Compared to the allowable compressive stress and the tensile stress, it can
be seen that the stresses did not exceed the allowable values. For the stresses of the entire concrete
structure, the maximum compressive stress does not exceed the allowable compression, but in the
case of tensile stress, it is 6.340 MPa, exceeding 4.226 MPa. This means that the safety of the support
structure is not ensured due to damage, such as fracture in the case of tension, while it is safe in
compression due to the applied loads. Therefore, it is necessary to reinforce the concrete foundation.
The support structure is examined in the following section by applying prestressing steel.

5.3. Post-Tensioning Design

From the results of stress, it was found that prestressing steel is required to reduce tensile stress to
less than the allowable stress. Prestressing steel was chosen from the Korean Industrial Standards for
prestressing wire, and pre-stressing strand, KS D 7002 [24], and SWPC7B of 19 prestressing strand,
which has a 0.01524 m diameter and low relaxation were used. The ultimate strength ( fpu) and yield
strength of steel are 1900 MPa and 1600 MPa, respectively, and the nominal cross-sectional area (Ap) is
138.700 mm2. The number and arrangement of tendons have to be determined by considering the size
of the outer and inner diameter of the top of the concrete structure. The outer and inner diameters
are 5600 mm and 4600 mm each, therefore the area of that part is 8.01 × 106 mm2 and the number of
tendons is 30. The tendon arrangement is presented in Figure 13.

To apply the effect of prestressing steel to concrete, prestressing force and effective stress have to be
calculated based on the prestressing strand and the number of tendons. For prestressing force, 72% of
the ultimate strength, 1368 MPa, was used. From this strength, the prestressing force of one strand
can be calculated by multiplying 1368 MPa by the nominal cross-sectional area 138.700 mm2, and the
prestressing force of one tendon is the sum of the prestressing force of 19 strands. For the effective
stress, 20% loss of prestressing was applied. Calculation procedure and values of the prestressing force
are presented in Table 7. The calculated effective stress by prestressing steel was 9.36 MPa, as presented
in Table 7. With this value, total stresses on the structure after applying the prestressing steel could
be calculated, and these stresses were evaluated by comparing it with the allowable stresses. From
the quasi-static analysis, maximum tensile and compressive stress were 9.026 MPa and −7.55 MPa,
respectively. Thus, the total stresses could be calculated, as presented in Figure 14, and it is noted that
the maximum tensile stress was changed to compressive stress because an effective stress of −9.36 MPa
was bigger than the occurred stress of 9.02 MPa. Consequently, it is determined that the total stresses
on the structure are safe enough by applying prestressing steel.
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Table 7. Prestressing force.

Forces and Stresses Equations and Values

1 strand force 1368 MPa × 138.700 mm2 = 189,742 N
1 tendon force 189,742 N × 19 strands = 3,605,090 N
30 tendon force 3,605,090 N × 30 tendons = 108,152,940 N

Stress 108,152,940 N/8.01e+06 mm2 = 11.702 MPa
Effective stress 11.702 MPa × 0.8 = 9.36 MPa
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5.4. Pile Evaluation

Due to the turbine and the environmental loads acting on the support structure, the deformation,
compressive stress, and tensile stress occurring in the piles are applied, so it is important to evaluate
the stability and bearing capacity of the pile accordingly. Thus, the displacements and rotation angles
at the top of the piles and the end bearing and pulling capacities of the piles were examined for the
stability evaluation of the piles. According to Upwind final report WP 4.2 [25] and DNV-OS-J101 [26],
the pile displacement at the seabed should be less than 0.1 m and the rotation angle should be less
than 0.5◦. The maximum displacements and rotation angles according to the load cases are shown in
Table 8. The maximum displacement and rotation angle occurred at 0.0075 m and 0.0371◦, respectively,
at DLC1.3a. These results are less than 0.1 m and 0.5◦; thus, the pile is safe for displacement and rotation.
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Table 8. Maximum deflections, rotations, allowable capacities, and loads of the piles.

Load Cases Max. Deflection (m) Max. Rotation (deg)

Allowable Bearing
Capacity (kN)

Allowable Pullout
Capacity (kN)

830,516 818,653

Compressive Force Tensile Force

DLC6.1ab 0.0066 0.0313 5337 11,641
DLC2.2cc 0.0058 0.0266 3254 9235
DLC6.2da 0.0056 0.0261 4537 10,545
DLC6.2ka 0.0061 0.0287 4249 10,261
DLC1.4af 0.0064 0.0305 4767 11,200
DLC2.3bc 0.0038 0.0152 - 4831
DLCe3a 0.0061 0.0288 4043 9849

DLC8.1al 0.0058 0.0270 3229 9897
DLC1.3a 0.0075 0.0371 8052 14,490
DLC6.2fb 0.0037 0.0145 - 5340
DLC6.2kb 0.0061 0.0286 4235 10,219
DLC6.2db 0.0057 0.0266 4541 10,551

To evaluate the end bearing and pulling capacities of the piles, they are compared to the allowable
bearing capacities according to the soil conditions. The allowable bearing and pullout capacities
can be calculated by dividing the ultimate bearing capacity by the safety factor. The safety factor is
1.5 according to the API design standard [27]. The compressive and tensile forces at the top of the
pile according to the load cases are shown in Table 8, and the maximum values were 8052 kN and
14,490 kN for DLC1.3a, respectively. The end bearing and pulling capacities were calculated to be
1,229,715 kN and 1,227,980 kN, respectively; the allowable end bearing capacity is 819,810 kN, and the
allowable pulling capacity is 818,653 kN. When comparing these allowable values to compressive and
tensile forces at the top of the pile, it can be seen that the allowable values are larger than the applied
loads. Therefore, it is concluded that the piles have sufficient end bearing and pulling capacities for
the applied load and soil conditions.

5.5. Natural Frequency Analysis

To evaluate the dynamic response and stability of the PCF structure, natural frequency analysis
was carried out. To account for the entire model of the structure, the tower was modeled as shown in
Figure 15, and the turbine above the tower was applied as an additional mass. The properties of tower
and turbine are presented in Table 3. The pile for the PCF structure can be considered as a steel pile or
RCD pile, and the results of the three models (i.e., PL-ST, PL-RCD and BC-FB models) are compared to
evaluate the effects of pile type and boundary conditions. The evaluation of the natural frequency was
carried out using the natural frequency design range of the support structure, which has the 3-MW
class turbine in Figure 16. The second and third modes rarely occur in a real structure, therefore the
evaluation of first natural frequency is most important.
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A first natural frequency of the support structure must not be in rotor frequency range (1P) or
in blade passing frequency ranges (3P) to avoid the resonance because the resonance induces large
displacements and large stresses in the structure. Generally, in the case of the jacket and tripod support
structures, the first mode natural frequency is designed to be located in the region between 1P and 3P.
The mode shape according to frequency analysis is shown in Figure 15, and the frequencies and periods
according to the models are shown in Table 9. The mode shapes of the PL-ST, PL-RCD, and BC-FB
models were the same, and the first mode frequencies were 0.3519 Hz, 0.3561 Hz, and 0.3814 Hz,
respectively. Two frequency values of the PL-ST model and PL-RCD model show a difference of about
1.1%, and they are all located between 1P and 3P, which is the region between the frequencies of the
rotor and the blades. However, a frequency value of 0.3814 for the BC-FB model is in 3P region and
resonance can occur. Therefore, when steel or RCD piles are used, it can be concluded that the PCF
structure has similar and safe vibration characteristics to the existing support structure of the jacket or
tripod. The RCD pile filled with concrete is more massive than the steel pile, therefore the frequencies
between the two models are expected to show a large difference. However, the difference between
frequencies was not significant. It is confirmed that the factor influencing the natural frequency is the
pile model or the fixed model is affected by the pile type considering the pile stiffness.

Table 9. Results of natural frequency analysis.

Mode
PL-ST PL-RCD BC-FB

Frequency (Hz) Period (sec) Frequency (Hz) Period (s) Frequency (Hz) Period (s)

1st 0.3519 2.8415 0.3561 2.8080 0.3814 2.6221
2nd 0.3519 2.8415 0.3561 2.8080 0.3814 2.6221
3rd 1.1818 0.8462 1.1838 0.8447 1.2079 0.8279
4th 1.5917 0.6282 1.6329 0.6124 1.9814 0.5047

6. Conclusions

In this study, structural analysis using general-purpose structural analysis software was performed
to evaluate the adequacy of behavior mechanism for the 3-MW class piled concrete foundation. Three
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analytical parameters were defined to consider the interaction between the ground and the structure.
Analysis was carried out on a fixed boundary application model that eliminated the uncertainty of the
pile and concrete connections, and two models with different pile stiffness were proposed. By analyzing
the behavior of the entire supporting structure and evaluating the stability of displacement, stress,
and natural frequency, dominant mechanisms of the behavior were identified, and the impact of
the influence factors was summarized. This study aims to provide well-documented results to help
expand our understanding of piled concrete foundations and facilitate the application of this innovative
foundation system. The following conclusions are drawn according to the structural analysis.

(1) From the quasi-static analysis, maximum stresses and displacements of a fixed foundation
and piled foundation were evaluated. Stress results showed that the differences in the maximum
stresses between the fixed foundation and piled foundation were as not large, but the maximum stress
locations were different.

(2) As a result of structural analysis using three parameters, the fixed end boundary condition
for the design of concrete member was found to be unreasonable because the overall stress and
displacement was about 46.40% larger than the model using pile and soil spring.

(3) In the analytical model considering the soil-structure interaction, the stiffness of the soil
spring model according to the type of soil rather than the pile type influenced the natural frequency.
The boundary conditions of the pile and concrete connections must be considered when evaluating the
natural frequencies, which is the first mode of frequency considered in the design.

(4) Tensile stress of the concrete structure was designed to be sufficiently reinforced by
prestressing tendon.

(5) Further details on the construction method of PCF should be obtained by performing detailed
studies on the connection between pile and concrete.
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