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An installation platform will disturb the natural seabed adjacent to a monopile and, consequently, affects the bearing capacity of the monopile foundation. Thus, consideration of the influence of installation disturbance is required in the monopile design, which can also save a fraction of the construction costs and avoid security risks. It was found in a sensitivity analysis, depending on the numerical simulations for an offshore monopile foundation installed using an installation platform, that the bearing capacities of the monopile were reduced by the penetration and extraction of the support legs of the installation platform, which were, a reduction of about 7% of the horizontal bearing capacity of the monopile (decreasing with a larger diameter of the monopile), about 2% of the ultimate bending moment, and almost no reduction of the vertical bearing capacity. For the monopile specifically subjected to the combined loads, it was found in SLS that horizontal displacement and rotation at the mudline increased by about 5.13% and 2.12%, respectively, and internal forces increased by about 3.29%–9.87%; and the horizontal displacement and the rotation at the mudline increased by about 4.56% and 2.79% in ULS, respectively, and the internal forces increased by about 3.49%–7.79% in the ULS. The study on the effects of the disturbance of the installation platform can be an important suggestion for the engineer in monopile design.
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1 INTRODUCTION
In recent years, large-diameter monopile foundations were widely used in offshore wind power projects taking full account of their simple structure, simple manufacturing, and convenient construction. Statistics indicated that the monopile foundation accounted for more than 80% of offshore wind power foundations [1]. A monopile with a large diameter can ensure the stability of itself and the wind power generator in extreme conditions. DNVGL-ST-0126 represented a criterion, which indicated that the rotation at the top of the monopile foundation must be smaller than 0.25 grad during the operation [2]. In this background, an accurate estimation of the bearing capacity of the monopile foundation under various load conditions is relatively important.
Besides the experiments onsite, the bearing capacity of the monopile foundation can be determined depending on the beam–spring model, which can determine the soil reaction curves (SRCs) and in which the monopile is simplified as the beam element coupling to a series of soil springs. The lateral displacements of the monopile as a relevant design indicator in the m-method [3], p-y method [4], and elastoplastic method [5] are used to determine the lateral bearing capacity. However, these methods are not capable of considering the shaft friction, the bending moment at the pile base, and the base shear force, which are beneficial to improve the lateral bearing capacity of the monopile with a large diameter. Thus, they were modified depending on the laboratory tests by some researchers. Xing et al. modified the conventional strain wedge model and proposed a method based on the modification to determine the lateral bearing capacity of the monopile [6]. Zhuang et al. represented that the pile diameter and the stiffness of the soil surrounding the monopile were dominant to determine the lateral bearing capacity, and suggested increasing the pile diameter, improving the shallow soil layer, and using the cushion to improve the lateral bearing capacity.
Besides the abovementioned methods, the numerical methods, i.e., finite element method (FEM) and discrete element method (DEM), are widely accepted and applied in geotechnical engineering. Liu et. al. simulated the performance of an offshore monopile foundation in the program Abaqus, compared the results to the measured data onsite, and found that soil plugging can improve the bearing capacity of the pile foundation [7]. After determining the lateral bearing capacity of an offshore large-diameter monopile under high-frequency vibration by using the FEM, Zhang et. al. proposed a reduction factor for the monopile under the cyclic loading and found that the embedded depth was more dominant in calculating the lateral bearing capacity than the pile diameter [8]. Li et. al. found that the vertical loading affected the lateral bearing capacity by a few, depending on the numerical simulation in the program FLAC3D; seabed scours reduced the lateral bearing capacity of the monopile. Meanwhile, the location of the maximum moment moved down [9]. Kong et al. built a numerical model for the monopile foundation in the non-uniform soil to study the pile–soil interaction and summarized the influencing factor on the lateral displacements, shear force, and the moment for the offshore large-diameter monopile under cyclic loading.
Although the large-diameter monopile foundation was widely applied and studied, the installation quality of the monopile was strictly requested. In general, the pile-driving technology is extremely important during the pile installation, and an auxiliary installation platform is widely applied in pile driving [11]. However, the penetration and the extraction of the piles supporting the auxiliary installation platform will disturb the seabed surrounding the large-diameter monopile and affect the performance of the monopile further. This issue cannot be neglected in the pile design. Some studies on the offshore jack-up platform were conducted while installing the pile foundations in the deep sea [12, 13]. The large spudcans penetrated the bearing layer in the seabed to provide enough support for the offshore installation platform, which remolds the soil adjacent to the large-diameter monopile. For the influence of a specific auxiliary installation platform in the shallow sea, it was numerically studied depending on an offshore monopile design in a Vietnamese project. The study was conducted not only in a sensitivity analysis for the monopile foundation but also under the real loading conditions, which can provide design and even installation suggestions.
2 PROJECT OVERVIEW
The study object, the A25 monopile foundation of a Vietnamese project, was focused. The monopile was manufactured with a diameter of 5.5 m, a length of 54 m (embedded depth of 41 m), and a thickness of 50–70 mm. Figure 1 shows the installation of the monopile by using an auxiliary installation platform onsite and the layout of the pile foundations. The auxiliary installation platform is composed of the main platform, four supporting piles with a diameter of 1.8 m, a lifting system, and a pile holding system, and is capable of installing a monopile with a diameter of 5–7 m. The monopile during the installation can be adjusted in the horizontal multidirections by using the hydraulic cylinder on the main platform.
[image: Figure 1]FIGURE 1 | The installation on site and the layout of the pile foundations (not scaled).
The installation of the large-diameter monopile is composed of the GPS positioning, penetration of the supporting piles, installation of the main platform, large-diameter monopile driving, and finally removing the auxiliary installation platform. In this whole process, the supporting piles of the auxiliary installation platform will be penetrated and extracted, which will disturb the soil adjacent to the large-diameter monopile, and affect the performance of the monopile during the operation further. Therefore, it is necessary to study the influence of the installation on the performance of the monopile.
3 NUMERICAL MODEL IN FLAC3D
3.1 Material properties
The geological conditions were verified depending on the piezocone penetration test (CPTU). Figure 2 represents the CPTU interpretation data at the location of the A25, i.e., the cone tip resistance qc, shaft friction fs, and the pore water pressure u2 at the tip. Table 1 lists the material properties of each sublayer based on the interpretation data according to the method by Robertson [14]. The elevation of the seabed is −3.0 m and is mainly composed of sand and clay. In particular, the organic clay in the shallow soil layer has a thickness of 11.3 m.
[image: Figure 2]FIGURE 2 | The profile of the cone penetration resistance, shaft resistance, and the pore water pressure.
TABLE 1 | Material properties of each sublayer.
[image: Table 1]3.2 Numerical model
FLAC3D is an explicit finite volume program to study, numerically, the mechanical behavior of a continuous three-dimensional medium, and is widely applied in geotechnical engineering. Figure 3 describes the 3D numerical model of the A25 monopile foundation in the Vietnamese project, in which the soil is represented by the liner elements and the large-diameter monopile by the beam elements. The yellow boreholes can equivalently simulate the penetration and extraction of the supporting piles. The Mohr–Coulomb model is employed to describe the soil behavior, and all material properties from the CPTU interpretation data are listed in Table 2. It is suggested by the documentation of FLAC3D that the coefficient of the lateral earth pressure can be estimated onsite or by the equation K0 = ν/(1−ν), in which ν is the Poisson ratio. The K0 of sand can be particularly estimated by 1-sinφ´. Bolton represented that the dilation angle of sand was φ′-30°, and the dilation angle of clay was zero [19].
[image: Figure 3]FIGURE 3 | Numerical model in FLAC3D.
TABLE 2 | Structural loadings with partial safety factor.
[image: Table 2]The numerical simulation, which was carried out for analyzing the weak effect on the performance of the large-diameter monopile by the installation platform, was simplified using the equivalent boreholes according to the representations by the guidance notes on the geotechnical performance of spudcan foundations [12]. The disturbance zone by the penetration and extraction of the supporting piles of the installation platform is usually in the area with a diameter of 1.5D and 1.0D, which can be adopted as the diameter of the equivalent boreholes, in which D is the diameter of the supporting pile. In this case, D = 1.8 m.
The pile is assigned with an elastic modulus of 210 GPa and a Poisson ratio of 0.3. The large-diameter monopile is composed of the liner elements, which can model the normal-directed compressive and tensile interaction, and the shear-directed frictional interaction. Figure 4 demonstrates the normal- and shear-directional interface behavior of the liner elements, for which the normal and shear coupling stiffnesses kn/ks, the (residual) cohesion c, the friction angle φ, and the tensile strength t are required. Note that a gap between the liner elements and the medium is allowed. These soil behaviors can also be mathematically described by Eqs. 1–3. The parameters (c,φ) can be empirically adopted as 60%–80% of these values of the surrounding soil [17, 18]. In this case, c = 70%csoil, φ = 70%φsoil, and t = 0.
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[image: Figure 4]FIGURE 4 | Normal- and shear-directional interface behavior of liner elements.
3.3 Load combinations
The large-diameter monopile in extreme conditions is subjected to the structural loads, wave loads, current load, and the self-weight (incl. the wind power generator and the monopile foundation). According to the design standard, different loads should be combined to figure out the most disadvantageous case for the serviceability limit state (SLS) and the ultimate limit state (ULS). The deformations of the monopile foundation at the top and the mudline are mainly focused in the SLS; and the bearing capacity, the stability, and the strength tolerance of the monopile are mainly focused in the ULS. The structural load listed in Table 2 is provided by the manufacturer. The wave load and the current load are determined based on the design high/low water table in the SLS as well as the extreme high/low water table for the 50-year return period in the ULS [15]. According to the Code of Hydrology for Harbor and Waterway [16], they can be determined by the Morison equations, as listed in Table 3 Note that the structural loads are applied at the top of the monopile foundation, the wave load and current load are equivalently applied at the mudline.
TABLE 3 | Wave loads with partial safety factor.
[image: Table 3]3.4 Load pattern
The locations of the four equivalent boreholes are represented in Figure 5. Two representative load patterns are selected for the following analyses, i.e., the horizontal loading (Case B1) and the diagonal loading (Case B2). For a quantitative comparison, the performance of the monopile in the undisturbed seabed is simulated as well. It is called Case A. The steps to simulate the performance of the monopile are:
i Balancing the earth pressure field.
ii Activating the large-diameter monopile.
iii Excavating the equivalent boreholes of the supporting piles.
iv Appling the combined loads.
v Extracting the data for analyses.
[image: Figure 5]FIGURE 5 | Schematic descriptions of diagonal and horizontal loadings.
4 RESULTS OF NUMERICAL SIMULATIONS
4.1 Sensitivity analyses
The bearing capacity of the monopile under the horizontal and vertical loading, as well as the bending moment, was analyzed using the numerical simulation in the program FLAC3D. The diameter of the monopile varied at 5, 6, and 7 m. Figure 6 illustrates the simulation results of the monopile with different diameters in different load patterns, note that the horizontal loading and diagonal loading for the monopile subjected to the vertical loads are identical.
[image: Figure 6]FIGURE 6 | Load–displacement curve at the pile top.
The bearing capacity for the horizontal load and the bending moment are more critical than for the vertical loads. The load–displacement curves of the monopile under different loads are mostly hyperbolic shapes without a significant yielding point. Thus, it can be empirically recognized that the ultimate limit state is achieved when the horizontal displacement is achieved at 0.02D [10]. Table 4 lists the bearing capacity of the monopile determined at 0.02D of the horizontal displacement. It was found that the load–displacement curves were similar, and the diameter of the monopile affected significantly the lateral bearing capacity. The lateral bearing capacity increased with a larger diameter of the monopile. Case B1 was more critical than case B2, and the lateral bearing capacity in case B1 was reduced up to 7% in comparison with case A. The weak effect was reduced when the diameter increased. The lateral bearing capacity of the monopile would be overestimated when the weak effect was ignored. The bearing capacity for the bending moment was reduced up to 2.7% in comparison with case A, but the disturbed seabed barely affected the vertical bearing capacity.
TABLE 4 | The horizontal bearing capacity of the monopile for different cases.
[image: Table 4]4.2 Analyses in serviceability limit state and ultimate limit state
The performance of the large-diameter monopile at the location of A25 was analyzed in the SLS and ULS. The monopile in the undisturbed seabed for comparison was simulated as well. This work can provide some suggestions for the monopile design.
4.2.1 Serviceability limit state
Figures 7 and 8 represent the deformation characteristics and internal forces along with the length of the monopile. It was found that the distributions along with the length of the monopile were similar. Table 5 summarizes the maximum deformations and the maximum internal forces of the monopile in the disturbed seabed. The maximum horizontal displacement and the maximum rotation at the mudline were 51.8 mm and 3.85‰ (≈0.22 grad), respectively, which were increased by about 5.13% and 2.12% in comparison with the monopile in the undisturbed seabed. The deformations of the monopile in the disturbed and undisturbed seabed satisfied the serviceability constraints. The maximum axial force, shear force, and moment of the monopile in the disturbed seabed were 8,370.8, 8,531.3, and 207,986.5 kN m, which were increased by about 7.79%, 6.81%, and 3.49%, respectively.
[image: Figure 7]FIGURE 7 | The deformations of the monopile in the serviceability limit state (SLS).
[image: Figure 8]FIGURE 8 | The profile of the internal axial force, shear force, and moment in the SLS.
TABLE 5 | Displacement and internal force under the serviceability limit state (SLS).
[image: Table 5]4.2.2 Ultimate limit state
Figures 9 and 10 represent the deformation characteristics and internal forces along with the length of the monopile in ULS. Table 6 summarizes the maximum deformations and the maximum internal forces of the monopile in the disturbed seabed. The curve shapes of the deformations and the internal forces in the ULS were similar to those in SLS, but the values were increased significantly. The deformations of case B1 in ULS were the largest, the deformations of case A were the smallest. The monopile under horizontal loading in the disturbed seabed deformed with a maximum horizontal displacement of 77.43 mm and a maximum rotation of 5.53‰, which were increased approximately about 4.56% and 2.79%, respectively. Similarly, the internal forces of the monopile in the disturbed seabed were increased significantly. The maximum axial force, shear force, and moment were 8,370.8, 8,531.3, and 207,986.5 kN m, which were increased about 7.79%, 6.81%, and 3.49%, respectively.
[image: Figure 9]FIGURE 9 | The deformations of the monopile in the ultimate limit state (ULS).
[image: Figure 10]FIGURE 10 | The profile of the internal axial force, shear force, and moment in ULS.
TABLE 6 | Displacement and internal force in the ultimate limit state (ULS).
[image: Table 6]Figure 11 describes the plastic zone of the surrounding soil under different loading patterns. In case A, the shallow soil up to a depth of 7 m yielded mainly. The yielding area was increased in cases B1 and B2 after the disturbances by the penetration and extraction of the supporting piles for the installation platform. However, the stress rearrangement of the surrounding soil did not affect significantly the pile–soil interaction due to sufficient distance between the equivalent boreholes and the large-diameter monopile. Thus, the disturbance by the installation platform limitedly affected the performance of the monopile.
[image: Figure 11]FIGURE 11 | The plastic zone under different conditions.
5 CONCLUSION
The installation platform often disturbs the surrounding seabed adjacent to the monopile in the phase of the installation, which can affect the performance of the monopile during the operation. It was analyzed depending on the A25 monopile foundation of a Vietnamese project for summarizing the effects of the penetration and extraction of the supporting piles on the performance of the large-diameter monopile. It was observed that, due to the disturbed seabed, the lateral bearing capacity was significantly reduced by up to 7%, while the horizontal displacement is achieved at 0.02D. In the serviceability limit state (SLS), the maximum horizontal displacement and the maximum rotation at the mudline were increased by about 5.13% and 2.12%. In the ultimate limit state (ULS), the internal force was increased up to 7.79%. The current study is limited to a large-diameter monopile under monotonic loading on site. A cyclic correction for this weak effect by the installation platform is the next step in future works.
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