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Offshore wind turbines (OWTs) installed in cold regions are prone to risking ice collisions, leading to potential damage of the support structure. It is imperative to quantitatively investigate the ice loading effect on the structural loads of OWTs. In order to address this research need, a novel module capable of predicting ice loads on OWTs based on six empirical models has been developed, and subsequently integrated within Bladed for considering the coupled effects of ice and wind loading when performing dynamic analysis of OWTs. The structural loads of a monopile-supported 5 MW OWT under operational state are predicted for different wind-ice combined conditions. The effects of ice load prediction model and ice thickness on the structural loads are examined. The results show that ice load prediction model significantly affects the structural loads of the OWT, especially for low wind speed conditions. The maximum increase in mudline shear force is around 242.54% as predicted by the continuous random crushing model for 1 m thickness ice, while the coned structure is able to reduce the ice-induced load by around 85%. Moreover, it is found that the shear force and pitching bending moment at the pile-base are enhanced linearly to the increase of ice thickness. The pitching bending moment is increased by up to 267.83% and 59.21% at 0.1 m and 0.5 m ice thickness, respectively. This study has indicated that ice loading must be considered for the design of OWTs in cold regions.
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1 INTRODUCTION
With the depletion of the traditional energy resources such as fossil fuel and oil, the renewable energy has gained widespread popularity worldwide. Wind energy has seen significant growth these years, thanks to the advantages of being clean, abundant, and sustainable (Ding et al., 2024). The potential of wind energy is especially vast in the deep-sea areas, contributing to the development of offshore wind turbines (OWTs). However, the offshore environment is extremely complicated, characterized by wind, wave and even ice loads (Liu et al., 2025). Apparently, the ice load is capable of affecting the structural response of the offshore structure. Therefore, it is of great significance to thoroughly investigate the influences of ice load on the dynamic behavior of the OWTs, providing valuable insights for the modelling design.
However, most existing studies have focused on the numerical methods to investigate the coupled dynamic response of the OWTs subjected to ice and other environmental loads. Shi et al. (2016) studied the dynamic interaction between the structural response of the monoplie wind turbine and ice loads under operating and parked conditions, using a semi-empirical simulation model developed based on HAWC2. Heinonen and Rissanen. (2017) evaluated the influence of ice velocity, thickness and shape on the structure performance of the wind turbine based on the FAST under various operating modes. The coupling dynamics between the wind-ice loads and structural response have also been investigated. Seidel and Hendrikse. (2018) evaluated the impacts of the frequency lock-in ice load on the monopile-type OWT performance. Zhou et al. (2019) developed a numerical model taking account for the non-simultaneous ice crushing failure, which acted on the foundation of the OWT. The discrepancies in peak ice force between numerical and model tests were less than 10%. Huang et al. (2021) developed a method considering the coupling effects of the structural response, ice dynamics, earthquakes, and fluid interactions to investigate the impact of sea ice on the wind turbine tower. It was found that the damage fatigue of the tower was increased by up to 50% subjected to the ice loads. Tang et al. (2021) examined the impacts of additional ice-breaking loads on the hydrodynamic behavior of the monopile wind turbine structure close to the sea water level using computational fluid dynamics method. Barooni M. et al. (2022) compared the dynamic response of the 5 MW spar-type wind turbines subjected to various ice-induced loads based on the coupled analysis numerical framework. The results indicated that the output power of the wind turbine was not significantly influenced due to ice loads under the rated wind speed. Ji and Yang. (2022) evaluated the ice-induced structural vibration and ice force between the monopile-type OWT and sea ice based on a coupled DEM-FEM method. The findings showed that the resonance occurred for the wind turbine subjected to the ice load model with a velocity and thickness of 0.04 m/s and 0.4 m, respectively. Hammer et al. (2023) analyzed the interaction between the monopile-supported OWT and sea ice based on a real-time hybrid test setup. The findings revealed that there were four regimes of ice-induced vibrations for the monopile OWT, while the influence of turbine operating states on the ice-induced interaction was slight under a relative lower ice velocity. On top of that, the lateral structural response was hampered by the lower-speed ice. Sui et al. (2024) analyzed the structural responses of a 10 MW jacket-type OWT under combined ice-wind loads using the LS-DYNA and KARNA ice force spectrum. The researchers developed a structure employing concrete-filled double-skin steel tubes to replace the initial hollow legs of the wind turbine for mitigation of the vibrations under icing scenarios. It was found that the maximum displacements and accelerations were decreased by up to 30% of the proposed structure.
In addition, current research has analyzed the ice characteristics involving ice thickness, velocity, and shapes to better understand the impact of ice loads on the dynamic response of the wind turbine. For instance, Hu et al. (2017) evaluated the ice characteristics including ice mass and thickness, demonstrating that ice distributions made a significant effect on the structural response of the wind turbine. The numerical data showed that the tower and blade fatigue damage were respectively increased by up to 70.8% and 97.6% due to asymmetric ice loading. Blasco et al. (2017) investigated the impacts of ice roughness on the output power of a 1.5 MW wind turbine. Song et al. (2019) explored the interaction between the wind turbine tower and various ice load models using the explicit nonlinear tool LS-DYNA. The influence of mesh size, impact speed, and thickness of sea ice load models on the ice forces has been compared. Lagdani et al. (2021) investigated the structural response and fatigue damage of the wind turbine blade with respect to sea ice loads. Three ice model shapes and three blade positions have been adopted to evaluate the blade performance based on the finite element method using ABAQUS. The impacts of wind loads and pile-soil interaction on the dynamic characteristics of the OWT under different modes were investigated by Liu et al. (2022); Liu et al. (2023). The soil-structural and fluid-structural interaction have both been considered based on the nonlinear software LS-DYNA. Moreover, the impact of ice thickness and velocity have been studied. It was found that the peak damage rates for the ice thickness and velocity were achieved by up to 3.08% and 6.69%, respectively. Ramadhani et al. (2022) evaluated the dynamic behavior of the offshore structures subjected to ice load under different wind velocity and wave height. In addition, Wang et al. (2022) identified that the cone angle of ice breaking model could significantly affect the dynamic response and fatigue damage of the wind turbine. The optimal cone angle was determined to be 60 deg.
Most existing studies overlook the flexible deformation of the wind turbine blades, treating them as rigid bodies subjected to ice loads. The aerodynamic loads of the tower and blade have been neglected. Additionally, the wind turbine operates in the complex environmental loadings, with subjected to combined wind-wave-ice loads, however, most studies disregarded wave loads, like Ji and Yang. (2022). It may lead to inaccurate reflections of the variations in wind speed with respect to collision. Therefore, this study develops a novel simulation module in Bladed named IceLoading to better analyze the dynamic behavior of the OWT subjected to wind-ice loads. The effect of ice thickness and ice load prediction model has also been considered.
The remaining sections of this study are organized as follows: Section 2 describes the development and validation of IceLoading module for simulation of structural responses of the OWTs. Section 3 presents the examined load cases (LCs). Section 4 illustrates the results and discussions of the structural responses of the OWT subjected to ice loads. Section 5 concludes the main findings of this research.
2 DEVELOPMENT OF THE ICE LOADING SIMULATION MODULE
2.1 Brief description of bladed
Bladed is a software tool developed by DNV GL specifically for modelling and load calculation of the wind turbines. It can accurately evaluate the time-series loads, ultimate loads, and fatigue loads for various components, highlighting the essential role in the modelling design and lifecycle improvement of the wind turbines.
On top of that, this study has developed a fully coupled simulation module named IceLoading with consideration of the ice load acting on the OWTs. Specifically, the analysis of ice loading is simulated by defining external load time series data compatible with Bladed.
2.2 NREL 5 MW monopile wind turbine
The structural loads of the OWT are possibly influenced by the collision of ice loading. In order to comprehensively investigate how the ice-wind turbine collision affects the performance of wind turbine structures, key characteristics for the ice have been selected for further study, including ice load models and thickness.
The 5 MW wind turbine developed by the National Renewable Energy Laboratory (NREL) has been selected in this study. Specifically, it is a monopile structure suitable for a water depth of 20 m, with the sea water level (SWL) situated 10 m below. The hub height of the wind turbine is 87.6 m, with a diameter of 6 m. Figure 1 presents the 5 MW monopile wind turbine and the surrounding environment. In addition, Table 1 shows the main parameters of the NREL 5 MW wind turbine.
[image: Diagram of a wind turbine placed in a sea setting. The turbine features blades of 63 meters with a pitch angle of 5 degrees and a cone angle of 2.5 degrees. The tower measures 61.5 meters, with various depths marked: 10 meters, 20 meters, and 36 meters. The sea water level and seabed are indicated, with soil foundation shown. Measurements are labeled throughout.]FIGURE 1 | The NREL 5 MW monopile OWT.TABLE 1 | The main properties of the NREL 5 MW wind turbine.	Parameters/Unit	Value	Parameters/Unit	Value
	Rated power/MW	5.0	Tower height/m	87.6
	Rated wind speed/(m·s-1)	11.4	Hub mass/kg	56,780
	Rated rotor speed/rpm	12.1	Blade mass/kg	17,740
	Rotor diameter/m	126	Nacelle mass/kg	240,000
	Hub diameter/m	3	Tower mass/kg	347,460


2.3 Ice load prediction models
2.3.1 Continuous random crushing model
In the process of continuous random collisions of the ice loading, a consistent collision load is generated under the peak velocity, accompanied by low-amplitude random vibrations. Specifically, the dynamic load can be analyzed using the power spectral density function as follows:
Ftotalt=Fmean+Ft(1)
where Ftotal and Fmean represent the total and average ice loads (kN) in the Equation 1.
The average value of dynamic load is derived from the peak value, where is a certain collation between the maximum and mean data:
Fmax=Fmean+kσ(2)
where Fmax means the peak values of the ice loads (kN), while σ represents the standard deviations between the maximum and average ice loads (kN).
The maximum value of dynamic ice load calculated based on Equation 2 has a standard deviation range from 4 to 5 between the peak and mean data. The standard deviation can be evaluated using an empirical strength function as follows:
I=σ/Fmean(3)
where I represents the range of strength of the continuous random ice loads.
Due to the specifications of the ISO 19906 criterion, the I is 0.2–0.5. Therefore, 0.4 is selected as the assigned value based on observations. The average and standard deviation values can be estimated from the maximum load using Equations 2 and 3, as can be see in Equations 4 and 5.
σ=11+kIFmax(4)
Fmean=Fmax1+kI(5)
2.3.2 ISO intermittent crushing model
Due to the creep and plastic deformation of the ice load, the peak value in the intermittent crushing model is influenced by collisions. The reductions in the ice load intensity can be caused due to the variations in structural damping. Since the period of the load pulse is typically more significant than that of the natural vibration period (lowest natural frequency), there is no lock-in phenomenon between the load frequency and the structural frequency of the ISO intermittent crushing model.
2.3.3 ISO lock-in crushing model
The applicability of the ISO lock-in crushing model depends on the damping characteristics of the structure and the degree of frequency resonance. In practice, when the ice collision is influenced by damping, leading to energy loss, the dynamic response is not increased significantly. Moreover, the effect of frequency lock-in can be neglected with a large damping ratio. Typically, frequency lock-in is not caused with the ice concentration below 7/10.
ξn≥ϕnc24πfnMnhθ(6)
where ϕnc represents the non-normalized modal amplitude at the collision point; Mn is the modal mass (kg); fn is the frequency of natural modes (Hz); h represents the ice thickness. In addition, the recommended value of θ is set to 40 × 106 kg/(ms) in the Equation 6.
2.3.4 IEC lock-in crushing model
The lock-in crushing model based on the IEC standard presents a sine waveform. For vertical collisions, the IEC lock-in crushing model using the Korzhavin formula as follows (Equation 7):
P=k1k2k3hωσc(7)
wherein, ω represents the vertical width of the structure (m); h represents the ice thickness (m); k1, k2, and k3 represent the shape factor, the contact coefficient, and the factor based on the aspect ratio, respectively; σc is the fracture strength of ice (MPa).
2.3.5 ISO bending crushing model
Based on the 19,906 ISO criterion of ice loading models, the discrete coefficient of the double amplitude load is 0.4. Meanwhile, it is assumed that the maximum ratio of the peak load is 95%. Therefore, the average load of the floating ice can be expressed as follows (Equation 8):
F0,mean=Fmin+0.56F0,max−Fmin(8)
wherein F0,mean represents the average load during the bending and breaking process of floating ice, 0 means the local position. In addition, F0,max is the peak value of the ice load.
The duration of the load peak depends on the ice velocity, and the fracture length of the ice can be expressed as follows (Equation 9):
T=lbv(9)
where T the fracture length of the ice (m), and v means the ice velocity (m/s).
The fracture length is according to the ice thickness, strength, elastic modulus, structural dimensions, and ice velocity. Typically, the fracture length is 3–10 times of the ice thickness. According to the ISO standard, the ratio of the fracture length to the ice thickness gradually decreases as the ice thickness increases.
2.3.6 IEC bending crushing model
The total force exerted by the ice loading of the IEC bending crushing model is represented as follows (Equation 10): 
FH=HB+HR(10)
wherein, HB represents the crushing force, and HR is the arching force. The crushing force is calculated as follows (Equations 11 and 12):
HB=σfh23tan⁡α1−μgr1+Yx⁡ln⁡xx−1+Gx−1x+2(11)
where Y is 2.711 under the Tresca criterion; G is a factor regarding ice strength, representing the relationship between the weight and ice strength.
G=ρigw24σfhx=1+3G+Y2−0.5gr=sin⁡α+αcos⁡απ2sin2⁡α+2μα⁡cos⁡α(12)
The last two coefficients, x and gr, are derived based on the elastic theory of ice layer failure and the associated velocity field as Equation 13 shows:
W=ρighdw2−wT24⁡cos⁡αf=sin⁡α+μE1⁡cos⁡α(13)
where E1 and E2 represent the first and second kinds of elliptical integrals. hd is the arch height. To ensure the rationality of the ice model, hd should be 2 to 3 times of the ice thickness based on the IEC criterion h. wT is the diameter of the top of the cone.
2.4 Development and validation of IceLoading
To better investigate the dynamic response of the wind turbines subjected to wind-ice load, a novel simulation module IceLoading is developed in Bladed. It is able to evaluate the dynamic characteristics of various ice loading models, therefore the structural responses of the wind turbine can be precisely calculated. This section will present how to develop and validate the accuracy of the IceLoading.
2.4.1 Framework of IceLoading
This study has developed a fully coupled simulation module with consideration of the ice load acting on the OWT based on Fortran code. On top of that, the analysis of ice floe load is simulated by defining external load time series data compatible with Bladed. The IceLoadingBladed framework includes the following key features.
	1) Support for six various ice floe calculation models: continuous random crushing, ISO intermittent crushing, ISO lock-in crushing, IEC lock-in crushing, ISO bending crushing, and IEC bending crushing models.
	2) Capability to analyze the ice load for arbitrary ice velocities, ice thicknesses, elastic modulus/crushing force.
	3) Flexibility for user-defined parameters, including the diameter, vibration frequency, and lock-in frequency of the wind turbine foundation.
	4) Direct generation of external load data files compatible with simulations in Bladed v4.10 and above.
	5) Inclusion of basic parameter self-check functionality, with output prompts to the interface to guide users in make corrections.

2.4.2 Verification of IceLoading
The floating ice load, based on the ISO bending crushing model with a thickness of 1 m and an ice velocity of 0.2 m/s, is used in this study to validate the reliability and computational accuracy of the IceLoading developed in this study. The results have been compared to the OpenFAST v3.5. The floating ice load generated by IceLoading module and OpenFAST has been investigated and compared in Figure 2. The floating ice load is derived from the ISO bending crushing model with a 60 deg cone angle. The time duration is set to 600 s. The ice force obtained by IceLoading is identical to the OpenFAST, verifying that the program developed in this study can accurately and efficiently calculate the loads of specific ice load models.
[image: Line graph showing ice load over time, comparing IceLoading (solid red line) and OpenFAST (dashed black line). Ice load, measured in meganewtons, ranges from zero to three, with time on the x-axis from zero to six hundred seconds. Peaks and fluctuations are visible throughout.]FIGURE 2 | The comparison results of ice force between IceLoading and OpenFAST.To further verify the precise of the IceLoading, the dynamic responses of the NREL 5 MW monopile-type wind turbine subjected to ice load have been simulated in Bladed 3.10. The simulation is conducted under a parked scenario to better minimize discrepancies caused by the aerodynamic loads acting on the wind turbine, ensuring a more accurate comparison between Bladed and OpenFAST. Figure 3 shows the lateral shear force at the collision point and pitching bending moment at the mudline of the monopile-type wind turbine subjected to ice loads. As can be observed, the shear force at the collision point and bending moment of the wind turbine generated by OpenFAST and Bladed are in significant agreement. The agreement between the results of Bladed and OpenFAST significantly proves the accuracy and viability of the IceLoading module for analysis of the structural loads of the wind turbine subjected to ice loads.
[image: Two line graphs compare Bladed and OpenFAST simulations over time in seconds. Graph (a) shows shear force in kilonewtons, ranging from negative 0.5 to 3.0. Graph (b) depicts pitching bending moment of the pile foundation in meganeuton-meters, ranging from negative 10 to 60. Both graphs display closely aligned lines with oscillating patterns.]FIGURE 3 | The comparison of structure loads between OpenFAST and Bladed. (a) Shear force (b) Pitching bending moment.To recapitulate, it proves that the effects of ice loading can be effectively considered based on the external node loads using IceLoading developed in this study.
2.5 Limitation and validity of IceLoading
The IceLoading module has been developed and compiled into Bladed for comprehensive study of dynamic behavior of the monopile-type OWT with respect to various ice loadings.
It can simulate a wild range of floating ice loads, including different ice velocities, thicknesses, and elastic moduli/breaking forces. Additionally, it allows users to customize parameters such as the diameter, vibration frequency, and the lock-in vibration frequency range of the wind turbine.
However, this code currently supports the external load data files only for Bladed of version 4.10 and above. Moreover, all input parameter identifiers and comments in the IceLoading are in English due to compatibility issues with the code.
3 LOAD CASE DEFINITION
3.1 Environmental conditions
To comprehensively analyze the impact of ice thickness of different models on the structural loads of the OWTs, the wind speeds ranging from 4 m/s to 25 m/s have been selected for analysis. The turbulent wind field is generated based on the Kaimal spectrum, while the simulation time of each load case are set to 500–520 s. Table 2 presents the wind speed and corresponding met-ocean data of the examined environmental scenarios in this research.
TABLE 2 | The examined load cases.	Load cases	Wind speed (m/s)	Significant wave height(m)	Peak spectral period(s)	Probability
	LC1	4.0	1.108	3.499	3.569%
	LC2	5.0	1.146	3.599	4.125%
	LC3	6.0	1.198	3.775	5.555%
	LC4	7.0	1.269	3.984	6.976%
	LC5	8.0	1.359	4.266	7.776%
	LC6	9.0	1.478	4.670	8.236%
	LC7	10.0	1.617	4.895	7.657%
	LC8	11.0	1.779	5.256	6.996%
	LC9	12.0	1.954	5.557	6.766%
	LC10	13.0	2.144	5.999	6.320%
	LC11	14.0	2.350	6.337	5.986%
	LC12	15.0	2.573	6.566	5.243%
	LC13	16.0	2.808	6.890	4.699%
	LC14	17.0	3.062	6.996	4.171%
	LC15	18.0	3.361	7.120	3.236%
	LC16	19.0	3.645	7.234	2.889%
	LC17	20.0	3.860	7.457	2.125%
	LC18	21.0	4.081	7.779	1.825%
	LC19	22.0	4.335	8.023	1.145%
	LC20	23.0	4.610	8.227	0.998%
	LC21	24.0	4.905	8.565	0.715%
	LC22	25.0	5.216	8.890	0.658%


3.2 Ice load models
Various ice models can significantly make a difference in the structural loads of the support structure of the wind turbines. Therefore, it is of great significance to study the influence of ice prediction models on the dynamic load to improve the safety of the operating wind turbines. It is generally accepted that there are four primary failure modes for the structures under ice loading, involving creep or plastic deformation, intermittent crushing, frequency lock-in, and random crushing. This paper focuses on investigating the latter three crushing models.
On top of that, six ice loading models have been adopted, including continuous random crushing model, ISO intermittent crushing model, ISO lock-in crushing model, IEC lock-in crushing model, ISO bending crushing model, and IEC bending crushing model. The cone angles of the ISO and IEC bending crushing models are set to 60 deg, while all other models have a cone angle of 0 deg. In addition, the basic frequency and friction coefficient of these six models are all set to 0.25 and 0.15, respectively. The tower diameters of IEC and ISO bending crushing models are all set to 7.55 m, while the corresponding value of the four remaining models are 6 m.
3.3 Ice thicknesses
In addition, to investigate the influence of ice thickness on the dynamic load of the wind turbine support structure, four ice thicknesses have been selected, including 0.1 m, 0.3 m, 0.5 m, and 1.0 m applied to six ice loading models. The ice velocity of each model is uniformly set to 0.05 m/s. In addition, the dynamic load of the wind turbine foundation is investigated under 4–25 m/s wind speed conditions.
4 RESULTS AND DISCUSSIONS
4.1 Influence of the ice load model
This section will examine the impact of floating ice collision models on the dynamic load of the wind turbine foundation, with a particular focus on the various breaking modes of the floating ice. The key performance indicators, including shear force at the collision point and the pitching bending moment at the mudline will be calculated under 4–25 m/s wind speeds. The obtained results will be compared to those without ice load. The ice thickness and velocity are 0.1 m and 0.05 m/s, respectively.
To directly investigate the comparison between the structural response of the wind turbine subjected to ice load or not, the maximum shear force at the collision point and pitching bending moment at the mudline under complicated environmental conditions have been presented in Tables 3 and 4, respectively. The ice velocity has been selected as 0.2 m/s for analysis, while the ice thicknesses are illustrated in Section 3.3.
TABLE 3 | The variations of maximum shear force.	Model thickness	Continu-ous random	ISO intermittent	ISO lock-in	IEC lock-in	ISO bending	IEC bending
	0.1 m	17.76%	12.43%	18.03%	12.51%	12.29%	12.40%
	0.3 m	76.76%	19.03%	42.92%	26.77%	12.51%	12.40%
	0.5 m	128.03%	29.81%	77.36%	62.18%	12.40%	12.40%
	1 m	242.54%	66.39%	168.06%	222.31%	12.29%	9.44%


TABLE 4 | The variations of maximum pitching bending moment at the mudline.	Model thickness	Continu-ous random	ISO intermittent	ISO lock-in	IEC lock-in	ISO bending	IEC bending
	0.1 m	83.88%	101.54%	135.77%	37.50%	11.94%	22.07%
	0.3 m	216.02%	232.46%	302.23%	138.22%	16.03%	32.05%
	0.5 m	324.83%	338.26%	431.28%	260.30%	18.71%	55.18%
	1 m	576.38%	594.07%	749.33%	623.88%	49.24%	168.62%


As can be observed in Tables, the structural loads of the wind turbine exhibit significant discrepancies with respect to six ice floe models. Specifically, the impacts of the random continuous crushing model make a dramatic difference on the structural loads compared to the other five models. In addition, the increase ratio of the shear force and pitching bending moment resulted from the continuous random crushing model are significantly improved due to increasing ice thickness. It indicates that the ice thickness is linearly related to the structural loads of the OWT supported structures.
Moreover, as can be seen, the variation of structural loads is a little slight subjected to ISO intermittent crushing model, ISO and IEC lock-in crushing models compared to the random continuous model. On the other hand, the structural responses of wind turbine subjected to the IEC and ISO bending crushing models are slightly influenced by the ice thicknesses. The discrepancies between shear force and pitching bending moment with 0.3 m and 0.5 m thicknesses are not large.
In addition, it can be found that the pitching bending moment of the wind turbine subjected to ice prediction models is more sensitive compared to the shear force. The maximum variation value in shear force is exhibited by up to 242.54% with respect to the continuous random model, while the corresponding result is achieved by 576.38%.
To recapitulate, the effect of continuous random crushing model on the structural responses of the OWT is more significant that other ice floe models. In addition, the ice thickness has a substantial impact on the structural loads of the wind turbine for the six ice load models. Particularly, the maximum value of shear force and pitching bending moment subjected to the continuous model is increased as ice thicknesses increases.
Figure 4 shows the maximum shear force and pitching bending moment of the wind turbine under various ice load conditions in 4–25 m/s wind speed conditions. It is evident that the variations in the pitching bending moment at the pile foundation are more significant than that of the shear force. As can be observed in Figure 4, the shear force generated due to ice-structure collision is larger than that without ice, except at 11 m/s wind speed. Specifically, the shear force of the wind turbine subjected to continuous random collision model is 0.0874 MN larger than the 1.074 MN without ice at a wind speed of 20 m/s.
[image: Two line graphs depict the relationship between wind speed and two variables for different conditions. The left graph shows shear force at the ice collision point (F(NC)) against wind speed (m/s), while the right graph shows the pitching bending moment at the pile/foundation (My(MNm)). Both graphs compare various conditions: continuous random, ISO intermittent, ISO lock-in, IEC lock-in, ISO bending, IEC bending, and no-ice, each represented by different colored lines. Both graphs display trends correlating increased wind speed with changes in shear force and bending moment, with specific patterns for each condition.]FIGURE 4 | The comparison of structural loads of OWT under various wind-ice loads.In addition, the pitching bending moment at the pile foundation is also significantly larger than that without ice load, with similar trends observed in different conditions. Notably, the pitching bending moment is achieved the largest for the wind turbine subjected to the ISO lock-in crushing model under 4–25 m/s wind speed conditions, while the influence of ISO bending crushing model is the least significant.
4.2 Influence of the ice thickness
The ice thickness is a critical factor influencing the ice load characteristics acting on the pile foundation of the wind turbine. To more comprehensively investigate the impacts of ice thickness on the structural responses of the wind turbine structures, Figures 5–10 presents the time-domain analysis of the shear force and pitching bending moments at the pile foundation of the monopile-type wind turbine, considering various types of ice loadings. The wind speed is set to 4 m/s, while the rated ice speed is selected as 0.05 m/s for analysis. Obviously, it can be seen in the figures that with increasing ice thickness, the shear forces at the collision point of the continuous random crushing model, ISO intermittent crushing model, ISO lock-in crushing model, and IEC lock-in crushing model are significantly increase. In addition, it is found that the rate of increase in the shear force becomes more pronounced as the ice thickness grows. Specifically, the maximum shear force at the collision points of the wind turbine subjected to the ISO lock-in crushing loads is achieved by 0.35 MN, 0.45 MN, 0.53 MN, and 0.84 MN, respectively, according to the floating ice thicknesses of 0.1 m, 0.3 m, 0.5 m, and 1.0 m. In the case of no ice load, the corresponding value is 0.31 MN, indicating that as the ice thickness increases, the shear force is increased by 12.84%, 38.04%, 48.47%, and 99.28%, respectively. The data above highlights that the variation in force at the collision point of the wind turbine is significantly affected by the ice thickness.
[image: Two line graphs comparing different ice thicknesses and their effects. Graph (a) shows shear force at the collision point over time, with varying ice thicknesses from 0.1 to 1 meter and a no-ice scenario. Graph (b) displays the pitching bending moment at the pile foundation over the same time frame, illustrating similar trends with different force and moment magnitudes.]FIGURE 5 | Continuous random crushing model. (a) Shear force (b) Pitching bending moment.[image: Two line graphs: (a) shows shear force at the collision point versus time with lines for different ice thicknesses and no ice. (b) illustrates pitching bending moment at the pile foundation versus time for the same conditions. Each graph has plots for thicknesses of 0.1 m, 0.3 m, 0.5 m, 1 m, and a no-ice scenario.]FIGURE 6 | ISO intermittent crushing model. (a) Shear force (b) Pitching bending moment.[image: Graphs (a) and (b) display data over time with different ice thicknesses. Graph (a) shows shear force at collision points, ranging between -0.3 and 0.9. Graph (b) presents pitching bending moments between 0 and 240. Both graphs compare five conditions: thk=0.1m, thk=0.3m, thk=0.5m, thk=1m, and no-ice, represented by different colored lines.]FIGURE 7 | ISO lock-in crushing model. (a) Shear force (b) Pitching bending moment.[image: Graphs showing shear force and pitching bending moment over time from 500 to 520 seconds for different ice thicknesses. The left graph shows shear force ranging from -0.6 to 1.2 kilonewtons. The right graph shows pitching bending moment ranging from -30 to 270 newton-meters. Both graphs compare conditions with ice thicknesses of 0.1 meters, 0.3 meters, 0.5 meters, 1 meter, and no ice using distinct color-coded lines.]FIGURE 8 | IEC lock-in crushing model. (a) Shear force (b) Pitching bending moment.[image: Two line graphs compare ice thickness effects on forces over time. Graph (a) shows shear force at collision with varied thicknesses from zero to one meter. Graph (b) displays pitching bending moment at the pile foundation for the same thicknesses. Each graph uses different colored lines for the thicknesses: black for 0.1 meters, red for 0.3 meters, blue for 0.5 meters, green for 1 meter, and purple for no ice. Time is on the x-axis ranging from 500 to 520 seconds.]FIGURE 9 | ISO bending crushing model. (a) Shear force (b) Pitching bending moment.[image: Graphs comparing effects of ice thickness. (a) Shear force at collision point (Fx) over time for different ice thicknesses: 0.1m, 0.3m, 0.5m, 1m, and without ice, ranging between -0.06 and 0.3 MN. (b) Pitching bending moment at pile foundation (My) over the same period, ranging from -20 to 100 MN·m for the same conditions.]FIGURE 10 | IEC bending crushing model. (a) Shear force (b) Pitching bending moment.In contrast, it can be observed in Figures 9, 10 that the shear forces of the wind turbine collision point subjected to bending crushing models remain relatively minimal, regardless the ice thicknesses. It means that the floating ice thickness in bending crushing models makes a slight influence on the shear force, further demonstrating that the influence of ice load model on the structural response of the wind turbine. Interestingly, the shear force is even larger than that without ice loads, suggesting that floating ice collisions suppress the shear force at the wind turbine collision point subjected to the ISO and IEC bending crushing models.
In addition, it is clear that the pitching bending moment at the pile foundation is the minimal without ice. However, as the floating ice thickness increases, the corresponding values of the monopile wind turbine are increased steadily subjected to various ice load models, expect for the bending crushing models. The rate of increase is consistent with the magnitude of increase in ice thickness. It shows that the impact on the wind turbine pile foundation structure becomes more significant as the floating ice thickness increases. Specifically, the maximum pile foundation load for the wind turbine during collisions are achieved by 56.14 MN m, 96.48 MN m, 129.70 MN m, and 206.50 MN m, respectively, subjected to the continuous random crushing model. In the absence of ice load, the corresponding value is 30.53 MN m. It equals to the increase of 83.88%, 216.02%, 324.83%, and 576.38%, respectively, signifying that the wind turbine pile foundation load increases linearly as the floating ice thickness increases. It also represents that the impact of floating ice load on the pile foundation is substantially greater than that on the collision point of the monopile wind turbine.
All the data above indicate that the ice load models have a significant effect on both the wind turbine pile foundation structure and the collision point besides the bending crushing models, especially on the pile foundation load. Therefore, the influence of ice loading on the wind turbine pile foundation structure should be carefully considered to improve the structural safety in the design of wind turbines.
To further analyze the effects of ice thickness on the structural behavior of the wind turbine foundation, the wind speeds are selected range from 4 m/s to 25 m/s, while the floating ice velocity is set to 0.05 m/s. The maximum shear force at the collision point is shown in Figures 11–16. It can be seen that the maximum shear force due to six ice load models is respectively increased with the rising ice thickness. Specifically, the shear force reaches its peak at 1.94 MN of an ice thickness of 1 m, which is an increase of 0.18 MN compared to the value for 0.1 m, under a 12 m/s wind speed condition.
[image: Two line graphs compare the effects of various ice thicknesses on wind-related forces. Graph (a) shows shear force at the collision point versus wind speed. Graph (b) shows pitch bending moment at the pile foundation versus wind speed. Both graphs include lines for no-ice, and ice thicknesses of 0.1m, 0.3m, 0.5m, and 1.0m. The data indicates varying impact levels for different ice thicknesses across wind speeds.]FIGURE 11 | Continuous random crushing model. (a) Shear force (b) Pitching bending moment.[image: Two line graphs comparing different ice thicknesses on wind-induced forces. Graph (a) shows shear force at collision points versus wind speed, with lines for no-ice and various thicknesses up to 1.0m. Graph (b) illustrates pitching bending moment at the pile foundation for the same conditions. Both graphs show increasing forces with thicker ice and higher wind speeds.]FIGURE 12 | ISO intermittent crushing model. (a) Shear force (b) Pitching bending moment.[image: Two line graphs compare the effects of different ice thicknesses on wind-induced forces. Graph (a) shows shear force at the collision point, and graph (b) shows pitching bending moment at the pile foundation. Both graphs track values against wind speeds ranging from 4 to 24 meters per second for conditions with no ice, 0.1-meter, 0.3-meter, 0.5-meter, and 1.0-meter ice thicknesses.]FIGURE 13 | ISO lock-in crushing model. (a) Shear force (b) Pitching bending moment.[image: Two line graphs compare the impact of ice thickness on structural forces at increasing wind speeds. Graph (a) shows shear force at the collision point versus wind speed, with lines for no ice and various ice thicknesses from 0.1 to 1.0 meters. Graph (b) displays pitching bending moment at the pile foundation, also compared by ice thickness. Thicker ice correlates with greater forces in both graphs.]FIGURE 14 | IEC lock-in crushing model. (a) Shear force (b) Pitching bending moment.[image: Two line graphs illustrate the effects of different ice thicknesses on wind speed. Graph (a) shows shear force at the collision point against wind speed for no ice and ice thicknesses of 0.1m, 0.3m, 0.5m, and 1.0m. Graph (b) shows the pitching bending moment at the pile foundation for the same conditions. Both graphs display a nonlinear relationship, with a peak around 12-16 m/s, indicating increased forces with thicker ice.]FIGURE 15 | ISO bending crushing model. (a) Shear force (b) Pitching bending moment.[image: Two line graphs compare ice thickness effects on wind. Graph (a) shows shear force against wind speed, increasing sharply at 12 m/s for various thicknesses. Graph (b) presents pitching bending moment, peaking around 12 m/s. Both graphs use different colored lines for no ice and ice thicknesses of 0.1, 0.3, 0.5, and 1.0 meters.]FIGURE 16 | IEC bending crushing model. (a) Shear force (b) Pitching bending moment.In addition, the maximum pitching bending moment at the pile foundation can also directly reflect the effects of floating ice thickness on the structural response of the wind turbine. As illustrated in Figure 11b, the maximum pitching bending moment increases as the ice thickness increases. The maximum value is achieved by 61.09 MN with the ice thickness of 0.1 m, while the corresponding value is 138.23 MN with the ice thickness of 1 m, under a wind speed of 20 m/s. It represents an increase of 77.14 MN in the pitching bending moment as the ice thickness increases from 0.1 m to 1.0 m.
On top of that, it is found that the pitching bending moment at the pile foundation and shear force are relatively minimal in the case of no ice load, indicating that the ice load makes a significant difference in structural responses of the wind turbine foundation, especially for the pile foundation. Moreover, the values are able to be enlarged as the ice thickness increases. Specifically, the maximum pitching bending moment with no ice load is 323 MN, while the corresponding value subjected to ice load of 1 m thickness is 109 MN, exhibiting an increase of 196.33%. In addition, the pitching bending moment at the pile foundation of the continuous random crushing model with an ice thickness of 0.5 m is 129.7 MN under a 4 m/s wind speed condition. It presents an increase of 73.56 MN compared to the 0.1 m ice thickness of 206.5 MN.
The above data shows that the rate of increase in the pitching bending moment accelerates as the ice thickness increases, revealing a positive linear correlation between floating ice thickness and the pitching bending moment at the mudline of the OWT.
5 CONCLUSION
Wind turbines deployed in the cold regions may experience ice collisions, potentially causing damage to the structural integrity of the support structures. A novel module is developed in this study for predicting ice loads in Bladed to examine the coupled effects of wind and ice. The influence of the ice load prediction model and thickness is quantitatively examined for the NREL 5 MW monopile OWT under operational states. The conclusions of this study are presented as follows.
	(1) A novel model has been developed in this study for analysis of the dynamic behavior of OWTs subjected to floating ice. The ice loading module is integrated within Bladed to examine the wind-ice coupling effects. The accuracy has been validated by comparing the results calculated using OpenFAST.
	(2) The structural loads of the support structures of the OWT are significantly affected by the ice thickness and ice prediction model. Notably, the pitching bending moment at the mudline of the wind turbine is more sensitive to ice loads compared to shear force at the collision point under 4–25 m/s wind speed scenarios.
	(3) The ice load prediction model has significant influence on the structural loads of the OWT, especially for continuous random crushing model under low wind speed scenarios. Specifically, the shear force at the collision point is increased the most significantly by up to 101% of the wind turbine with respect to the continuous random crushing model of an 1 m thickness ice, while the coned structure can mitigate the ice-induced load by approximately 85%.
	(4) The structural loads of the 5 MW OWT are improved linearly to the increasing floating ice thickness. Particularly, the peak value of the shear force is enhanced with the increase of ice thickness, especially for the continuous random crushing model, ISO intermittent crushing model, ISO and IEC lock-in crushing model. Specifically, the maximum shear force is increased respectively by 12.84%, 38.04%, 48.47%, and 99.28% subjected to the ISO lock-in crushing models with ice thicknesses of 0.1 m, 0.3 m, 0.5 m and 1 m, under a 4 m/s wind speed condition.
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