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This study presents a practical finite element model for evaluating laterally loaded monopiles embedded in sandy seabed, verified through comparison with field test data from the PISA project. The classical Mohr-Coulomb model, used for soil plasticity in this study, provides reliable predictions and required parameters that are straightforward to determine, enhancing its utility in engineering practice. The numerical model, combines with an artificial neural network (ANN), provides a feasible approach to predict the bearing capacity of monopiles in offshore wind applications, even under different seabed conditions and combined horizontal (H) and moment (M) loads. Results reveal that the horizontal bearing capacity significantly varies depending on slope direction, with increased capacity in the slope upward direction and decreased capacity in the slope downward direction. An elliptical equation is developed to represent the horizontal bearing capacity envelope in the HM plane, accurately predicting ultimate horizontal force (Hu) and bending moment (Mu) across different length-to-diameter (L/D) ratios and seabed slopes. To further enhance predictive capability, an ANN surrogate model is developed, trained on 288 scenarios. Using L/D ratio, seabed slope, horizontal displacement and rotation angle at the monopile head as inputs, the ANN successfully predicts the horizontal bearing capacity with error margins within ±10%. This research offers a practical, validated finite element and ANN-based approach for modeling and predicting the lateral bearing capacities of monopiles in complex offshore environments, making it a valuable tool for the construction and measurement of offshore wind turbine foundations under HM loading conditions.
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1 INTRODUCTION
In the fields of geotechnical and offshore engineering, monopiles are favored for their advantages, including simple installation, cost-effectiveness, stability, and high strength and stiffness. These qualities make them particularly effective in withstanding horizontal loads (Xu et al., 2013; Xu et al., 2017a; Xu et al., 2017b). However, in complex offshore environments, under the excitation of wind and earthquake, monopiles are often subjected to combined loads, among which the most common is the combined action of horizontal force H and bending moment M (Raj et al., 2019; Xu et al., 2023a; Xu et al., 2023b; Xu et al., 2023c). The horizontal bearing capacity of monopiles refers to the boundary curve that represents the relation of the maximum lateral loads and bending moments that the monopile can withstand under certain conditions. This boundary reflects the safe bearing limit that a pile foundation can achieve when subjected to horizontal forces. Studying the horizontal bearing capacity envelope of monopile foundations for wind turbines is of great significance. By plotting the envelope, the safe bearing range of the pile under various working conditions can be clearly defined, providing scientific guidance for the design of wind turbine tower foundations.
Rigid piles are widely used for offshore winds. In recent years, scholars in this field have conducted many valuable studies on the horizontal bearing capacity of monopiles. Sawant and Shukla (2012) developed a procedure for evaluating the response of piles to horizontal forces in inclined sites based on the analysis of 3D finite element software. Keawsawasvong and Ukritchon (2020) used finite element method to perform three-dimensional analysis and conducted a comprehensive study and discussion on the effect on cover stress on the bearing capacity of monopiles under undrained conditions under the combined action of lateral load and bending moment load. Shao et al. (2024) discussed the failure envelope of offshore rigid monopiles in undrained clay under lateral and moment loads. Many scholars have also studied the failure envelope of monopiles under the combined action of horizontal force (H), vertical force(V) and bending moment(M). Graine et al. (2021) developed a generalized failure criterion monopiles installed in cohesive soil under combined H-M-V load. Li et al. (2014) conducted numerical simulations using radial displacement method and sliding tests, determined the envelope of failure under H-M-V action, and presented analytical equations that were consistent with the 3D analysis results, which can be used to design and simplify finite element models. Zhao et al. (2024) studied monopile body parameters, load parameters and horizontal bearing capacity of rigid pile groups under the combined action of H-M-V load. For the horizontal bearing capacity of monopiles on slopes. Muthukkumaran (2014) conducted extensive indoor model tests to investigate the effects of slope and load direction on the horizontal bearing capacity and p-y curve of monopiles in non-cohesive soil (Muthukkumaran and Almas Begum, 2015). Jiang et al. (2020) conducted an analysis of the monopiles on non-cohesive soil slopes under composite of loads and derived the balance equation of the pile-soil system based on the moment balance theory Lin et al. (2022) put forward a method to calculate the nonlinear lateral response of monopiles in the sandy seabed under slope effects. From the above research, it can be seen that significant progress has been made in studying the horizontal bearing capacity and bearing capacity envelopes of rigid piles. However, according to present situation, most of these studies focused on the impact of flat ground or slope effects on the lateral response of monopiles, while there are relatively few studies on the influence of micro-inclination in sandy seabed on the horizontal bearing capacity envelope of monopiles.
With the growing maturity of machine learning and AI algorithms, their application in geotechnical engineering is also expanding. In recent years, AI algorithms have rapidly developed in the prediction of pile bearing capacity. Das and Basudhar (2006) applied an ANN model to predict the horizontal bearing capacity of monopiles in clay. Muduli et al. (2013) compared the applicability of different AI algorithms in predicting the horizontal bearing capacity of monopiles in clay. Benbouras et al. (2021) demonstrated the effectiveness of deep neural networks in predicting the bearing capacity of driven monopiles. Wang and Heo (2022) studied artificial neural networks (ANNs) using a comprehensive database and found their applicability for alternative modeling. They developed a multilevel neural network with multiple output variables to accurately capture the lateral displacement and moment responses of offshore wind turbine monopiles under different hazardous conditions such as earthquakes, wind, and waves. Taherkhani et al. (2023) established a surrogate model based on a hybrid neural network for predicting the horizontal bearing capacity of monopiles in sandy soil. It can be seen that AI algorithms have broad prospects, but their training requires a large amount of data. This paper will further extend the application of AI algorithms to predict the horizontal bearing capacity of monopiles in the slightly inclined sandy seabed.
In this study, a practical finite element model for a laterally loaded monopile in sand is proposed, requiring fewer input parameters while maintaining accuracy. The soil is modeled using the Mohr-Coulomb constitutive model, which allows for easy determination of soil parameters. The numerical model is validated using field test results from the Pile Soil Analysis (PISA) project, confirming its applicability for monopiles at different embedment depths. The effect of seabed slope angle and length-to-diameter ratio on the load-displacement curve, equivalent plastic strain around the pile, and bearing capacity envelope is analyzed. Finally, an artificial neural network (ANN)-based surrogate model is developed to predict the ultimate horizontal load and bending moment of monopiles. The surrogate model is trained and validated using 288 cases. For small datasets like this, ANNs can automatically identify and learn key features in the data and construct reliable predictive models. This significantly reduces workload and saves time in marine geotechnical engineering.
2 FINITE ELEMENT MODEL
In this study, the finite element model is developed based on the field test in the Pile–Soil Analysis (PISA) project. Figure 1A presents a schematic diagram of the monopile model under horizontal loading from the PISA project (Zdravković et al., 2020). The PISA project focused on the evaluation and improvement of monopile foundations for offshore wind turbines by developing advanced methods to predict pile-soil interactions under lateral load. The project is primarily divided into three components: 1) Conducting field tests on a scaled-down monopile, 2) Developing a novel design method for single piles, and 3) Creating a three-dimensional finite element model to simulate the behavior of each monopile configuration. The monopile is a hollow steel pipe pile, and its geometric properties are shown in Table 1. Since this study uses a symmetric model, the load applied at the top of the monopile is half of the total load. Numerical simulations were conducted on monopiles subjected to horizontal loading in sandy soil, with three working conditions in total, where the length-to-diameter ratios (L/D) vary across different conditions (see Table 1).
[image: Figure 1]FIGURE 1 | Finite element model for laterally loaded piles: (A) Configuration of the test and (B) Typical finite-element mesh for L/D = 8.
TABLE 1 | Geometric characteristics of piles.
[image: Table 1]Figure 1B shows the 3D finite element model of pile-soil interaction created using Abaqus software (Dassault Systèmes, 2014), with the monopile and soil modeled using C3D8 elements. The monopile is assumed to be a purely elastic material, the pile and soil are in frictional contact, and the elastic-plastic behavior of the sand is described by the modified Mohr-Coulomb model. The lateral boundary is horizontally constrained, while the bottom boundary is fixed. The upper boundary is entirely free, and the displacement loading is applied to the monopile at a height of 10 m above the ground. As reported by Xu et al. (2023b), Xu et al. (2023c), the mesh size around the monopile was refined to 0.1 times its diameter. Furthermore, when the finite element mesh size was halved and the simulation was repeated, the results deviated by less than 3% from those of the original model, confirming that the mesh size adopted in this study ensures adequate calculation accuracy.
The input parameters of monopiles and soil are shown in Table 2. According to the triaxial compression experiment of sand, the friction angle (φ) is 40°, and the shear expansion angle ([image: image]) is estimated according to the formula [image: image] (Tatsuoka, 1993). Young’s modulus (E) is derived from Equations 1, 2.
[image: image]
where [image: image] is Poisson’s ratio and [image: image] is the shear modulus (Hardin and Black, 1968)
[image: image]
where B is the model parameter.
TABLE 2 | Parameters of the pile–soil system.
[image: Table 2]Figure 2 compares the simulated the horizontal force (H) -ground-level horizontal displacement (y0) curves with the measured data from the PISA project. Analysis shows that under the condition of different L/D, simulation curves are in good agreement with the experimental results. Taborda et al. (2020) used an advanced constitutive model based on sand state to simulate the load-displacement curves of monopiles at different embedment depths. Figure 2 also compares the simulation results with those of Taborda et al. (2020), showing that the difference between the simulations and those predicted by Taborda et al. (2020) was minimal for L/D = 8 and L/D = 5.25. However, for L/D = 3, the simulation results in this study were closer to the experimental data than those of Taborda et al. (2020). This indicates that the 3D finite element model established in this study has sufficient accuracy to evaluate the effects of different pile embedment lengths. Furthermore, this study utilizes a finite element model based on the Mohr-Coulomb constitutive model, which simplifies the acquisition of soil parameters and offers greater benefits for practical engineering applications. As a result, the model is referred to as a practical finite element model.
[image: Figure 2]FIGURE 2 | Comparison of horizonal force-displacement curves of monopile measured and simulated by finite element method (A) L/D = 8; (B) L/D = 5.25; and (C) L/D = 3.
3 DISCUSSIONS ON VARIOUS INFLUENTIAL FACTORS
This section explores the influence of L/D and seabed slope angle (α) on the H-y0 curve of OWT monopiles, equivalent plastic strain around the pile, and the bearing capacity envelope. In this study, the L/D of monopiles was taken as 3, 5.25, and 8, as designed from the PISA project. The seabed was assumed to have a slight incline, with slope angles of 5° and 10°. The seabed slope angle was altered based on the flat seabed in the test of the PISA project. Figures 3A, B show the finite element mesh for α = 5° and α = 10°, respectively.
[image: Figure 3]FIGURE 3 | Finite element mesh with different slope angles: (A) 5° and (B) 10° (L/D = 8).
3.1 Effect of slope angle (α) of the seabed
The change in slope angle also impacts the bearing capacity of the monopile, which is analyzed in this study. Figure 4 shows the effect of α on the H-y0 relationship. In the slope downward direction. Note that only H was applied at the mudline in Figure 4. The ultimate horizonal force (Hu) decreased as the slope angle increased, primarily because of the reduction in effective stress in the soil downstream of the monopile as the slope angle increases, where Hu was defined when the monopile’s horizontal displacement at the mudline reaches 0.1D. When α rose from 0° to 5° and 10°, the Hu of the monopile decreased by1% and 6%, respectively. However, in the slope upward direction, the horizontal bearing capacity increased with increasing slope angle. When α increased from 0° to 5° and 10°, the horizontal bearing capacity increased by 17% and 35%, respectively. This demonstrates that the slope angle had a greater impact on the horizontal bearing capacity in the slope upward direction compared to the slope downward direction.
[image: Figure 4]FIGURE 4 | Effect of slope angle on the H-y0 curve of monopiles: (A) slope downward direction; (B) slope upward direction (L/D = 8).
To provide a more intuitive comparison of the effects of slope angles, Figure 5 illustrates the effect of slope angle on the equivalent plastic strain around the monopile when the horizontal displacement of monopile at the mudline is 0.1D. Overall, the equivalent plastic strain (εp) was localized primarily in the shallow layers of the seabed. Noticeable εp also occurred at the monopile tip, mainly due to the monopile rotation under lateral loading. Additionally, in the slope downward direction, the slope angle had little effect on the distribution of the εp around the monopile. However, in the slope upward direction, the distribution of εp around the monopile decreased as α increased.
[image: Figure 5]FIGURE 5 | Effect of slope angle on the equivalent plastic strain surrounding the monopiles at the slope downward and slope upward directions (L/D = 8).
3.2 Effect of L/D
Figure 6 illustrates the effect of the L/D on the H-y0 curves of monopiles in the gently sloping sandy seabed. It can be seen that, in both the slope downward direction and the slope upward direction, Hu increased as L/D increased. When L/D increases from 3 to 5.25 and 8, Hu increases by 2.7 and 7.2 times in the downslope direction, respectively, and by 2.7 and 6.5 times in the upslope direction, respectively. This is primarily because the increased pile length restricted the rotation at the monopile tip. Additionally, the increase in the Hu is more pronounced in the slope upward direction.
[image: Figure 6]FIGURE 6 | Effect of L/D on the H-y0 curve of monopiles: (A) slope downward direction; (B) slope upward direction (α = 5°).
Similarly, to directly demonstrate the influence of L/D, Figure 7 illustrates the effect of the L/D ratio on the εp around the monopile when the horizontal displacement of monopile at the mudline is 0.1D. Generally, the εp around the monopile increased as the L/D decreased, primarily because the monopile’s rotation angle grew with decreasing the L/D.
[image: Figure 7]FIGURE 7 | Effect of L/D on the equivalent plastic strain surrounding the monopiles at the slope downward and slope upward directions (α = 5°; see L/D = 8 in Figure 5).
3.3 Horizontal bearing capacity envelope of monopiles in the HM plane
Offshore wind monopiles are mainly subjected to combined HM loading caused by wind and waves. Horizontal bearing capacity envelope provide an efficient tool of the design of monopiles and is therefore investigated in HM plane in this study. Figure 8 defines the positive direction for H and M acting on the monopile in both flat and sloping seabed. The H applied in the slope downward direction (positive X-axis) is considered positive, as is the M that moves the monopile head in the same direction.
[image: Figure 8]FIGURE 8 | Sign definition for H and M force applied to the monopile: (A) flat seabed and (B) sloping seabed.
In this study, the horizontal bearing capacity, including the ultimate lateral load (Hu) and ultimate bending moment (Mu), was determined by applying both horizontal displacement (h) and rotation (θ) at the mudline. During the loading process, the ratio h/Dθ remains constant, and by adjusting this ratio, the horizontal bearing capacity under different H-M load combinations was obtained, enabling the construction of a horizontal bearing capacity envelope.
Figure 9 presents the load path for monopiles under various L/D and slope angle (α) combinations, with nine sets of conditions. Each set covers a range of h/Dθ values from −1 to 10, resulting in 32 load cases per set and 288 total cases. For the flat seabed (α = 0°), the load paths under different H-M combinations exhibited central symmetry. Additionally, as L/D increased, the rise in Mu was more pronounced than the increase in the Hu. In contrast, monopile load paths on the gently sloping seabed lost this symmetry due to the difference in the horizontal bearing capacity between the slope downward direction and the slope upward direction (refer to Figures 4, 6). As the slope increased, it is observed that the Hu and Mu increased in the second quadrant, while they gradually decreased in the fourth quadrant. This is because, in the second quadrant, the horizontal displacement was generally applied in the upward slope direction, whereas in the fourth quadrant, it was applied in the downward slope direction. This result was also confirmed in Figure 5.
[image: Figure 9]FIGURE 9 | Loading paths of laterally loaded monopiles for varying L/D and α.
3.4 Theoretical analysis of the horizontal bearing capacity envelope of monopiles in the HM plane
Figure 10 shows that the envelope of the monopile’s horizontal bearing capacity forms an inclined elliptical shape. To confirm this observation, we used a general elliptical equation (i.e., Equation 3) to fit various Hu - Mu data points:
[image: image]
where C1, C2, C3, C4, and C5 are constants controlling the shape of the ellipse. These five constants help define the coordinates of the ellipse’s center (H0, M0), with R1 and R2 representing the lengths of the ellipse’s major and minor axes, respectively, and ψ representing the rotation angle of the major axis. H0, M0, R1, R2, and ψ were given in Equation 4:
[image: image]
[image: Figure 10]FIGURE 10 | Failure envelope of lateral bearing capacities of monopiles.
Figure 10 shows that the elliptical equation effectively described the relationship between Hu and Mu of laterally loaded piles under varying L/D, slope angle α, and h/Dθ. Figures 11A–C further illustrate the effect of L/D and α on R1, R2, and ψ, respectively. It can be seen that as L/D increased, both R1 and R2 increased. This is because the Hu and Mu increased with L/D. Additionally, the α had little effect on the R1 likely because the increase in the horizontal bearing capacity in the second quadrant was nearly equal to the decrease in the fourth quadrant for the sloping seabed. However, the seabed slope angle had a more significant impact on R2. This can be attributed to the fact that when H is applied in the slope upward direction, the increase in Hu was greater than the increase in Mu, causing the fitted ellipse to expand outward. This trend became more pronounced as α and L/D increased, indicating that under this load combination, the slope angle had a larger impact on the ultimate horizontal load than on the ultimate moment.
[image: Figure 11]FIGURE 11 | Effect of L/D and α on the dominating parameters of the ellipse of lateral bearing capacities of monopiles: (A) the length of the major axis (R1), (B) the length of the minor axis (R2), and (C) the rotation angle of the major axis (ψ).
4 INTELLIGENT PREDICTION OF THE HORIZONTAL BEARING CAPACITY OF MONOPILES
This paper introduces an artificial neural network (ANN) as a surrogate model to predict the ultimate horizontal load and ultimate moment of monopiles. Inspired by biological neural systems, ANNs are computational models commonly used for complex tasks such as data classification, regression, and prediction. These models simulate how information is transmitted between neurons in the brain, with adaptive learning abilities that enable them to adjust internal parameters during training to match input data. For a simple feedforward neural network, as illustrated in Figure 12, the output of the ith hidden neuron hi is described by Equation 5:
[image: image]
where wj represents the regression coefficient for the jth node in the previous layer (e.g., input node xj in Figure 12), m is the number of nodes in pervious layer, b is the bias term, and σ is the activation function that introduces nonlinearity into the network. ReLU was taken as the activation function in this study. Neural network modeling fundamentally involves calculating the regression coefficients and bias terms between layers. The coefficients were determined using stochastic gradient descent (Amari, 1993) by minimizing the loss function within a certain tolerance. In this study, Mean Squared Error (MSE) was used as the loss function in Equation 6:
[image: image]
where [image: image] and [image: image] are the observed and predicted values, respectively, with i representing the ith data point in a total of n data points. For neural networks with multiple output nodes, the overall loss function is the sum of [image: image] across all outputs.
[image: Figure 12]FIGURE 12 | Schematic illustration of artificial neural network with multiple input and multiple output variables: (A) the entire artificial neural network (B) computing a hidden neuron.
In this study, 288 scenarios were used, with 70% (201 cases) chosen as the training set and the remaining 30% (87 cases) as the test set This process involved random sampling, where a certain proportion of samples were randomly selected to create a test set while retaining the original data distribution, with the remaining samples used as the training set. The inputs to the ANN model included four parameters: L/D, α, the horizontal displacement of the pile at the seabed h, and rotational load θ, as listed in Table 3, while the outputs were the ultimate horizontal load Hu and ultimate moment Mu.
TABLE 3 | Data limits of input variables associated with ultimate horizontal load and ultimate moment.
[image: Table 3]Based on Wang and Heo (2022), the neural network was designed with two hidden layers, each containing 12 neurons. Figure 13 shows the comparison between the predicted and measured Hu and Mu for the 87 test scenarios, demonstrating a small error margin. Specifically, most errors between predicted and observed values remain within ±10% for the Hu and Mu responses. Certainly, some data bias is also observed in the predictions of the test set, which is primarily related to the MSE values and the limited number of data points. In this study, the MSE for the training and test sets are 0.24 and 0.26, respectively. As the number of iterations increases, the training set MSE decreases by an order of magnitude. However, the MSE for the test set reaches its minimum and no longer changes, indicating the occurrence of overfitting. Therefore, increasing the amount of data in the training set can further reduce the MSE and the bias of some data points. Nevertheless, these results demonstrate the effectiveness of the multi-layer neural network as a surrogate model for predicting the horizontal bearing capacity envelope of offshore wind turbine monopiles under various HM loading combinations.
[image: Figure 13]FIGURE 13 | Comparison of output parameters of test sets: (A) Ultimate horizonal force (Hu) and (B) Ultimate bending moment (Mu).
5 CONCLUSION
A practical finite element model was developed and validated against the PISA project’s field test data for monopiles under lateral loads in sandy soils. The classical Mohr-Coulomb model, used for soil plasticity in this study, provided reliable predictions and required parameters that are straightforward to determine, enhancing its utility in engineering practice. The model’s effectiveness was confirmed for various L/D ratios, proving its applicability in complex offshore scenarios. Based on the numerical investigations, some conclusions were summarized:
(1) In the slope upward direction, the horizontal bearing capacity increased significantly with greater slope angle, while the opposite effect was observed in the slope downward direction. The slope angle (α) of the sloping seabed had a greater impact on the ultimate lateral load in the slope upward direction compared to the slope downward direction.
(2) For the flat seabed, the load paths under different HM combinations exhibited central symmetry; however, the load paths on the gently sloping seabed lost this symmetry due to the difference in the horizontal bearing capacity between the slope downward direction and the slope upward direction.
(3) The horizontal bearing capacity envelope of monopiles in the HM plane exhibited an elliptical shape for both the flat seabed and sloping seabed. This elliptical equation proved to be accurate in describing load capacity under different L/D ratios and seabed slope angles. Both the short-axis (R2) and long-axis (R1) lengths increased as L/D increased. The slope angle had little effect on the R1, but it had a more significant impact on R2.
(4) An artificial neural network (ANN) surrogate model was developed to predict ultimate horizontal load and bending moment, with training and testing on 288 scenarios. With L/D ratio, α, and the horizontal displacement h and rotation angle θ at the monopile head as inputs, the ANN effectively predicted the horizontal bearing capacity, with most errors remaining within ±10% across the test dataset.
(5) The numerical model, along with the surrogate ANN, offers a viable approach for predicting the horizontal bearing capacity of monopiles in offshore wind applications, even under varying seabed conditions and loading scenarios.
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Note: D is monopile diameter, L is the monopile embedded length, e is the load eccentricity, ¢ is the monopile wall thickness.
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