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Offshore wind energy is characterized by its clean and renewable nature, leading to rapid growth in the industry. However, the incidence of ship collisions with offshore wind turbines has also risen with the increasing number of offshore wind farms, particularly in commercial shipping lanes. To gain a thorough understanding of dynamic response between wind turbines and vessels, this paper extensively reviews studies related to wind turbine–ship collisions over the past 2 decades to cover four key aspects: (i) the fundamental requirements and background of collision analysis study, (ii) the analysis of dynamic response and collision characteristics of the fixed-bottom and floating offshore wind turbines (OWTs) subjected to ship collision forces, (iii) the influence of key collision factors that include impact positions, initial ship kinetic energy, and soil–structure interaction on the structural response for the wind turbines, and (iv) a discussion of protection measures to mitigate the collision damage to the substructure. The limitations in the existing studies are discussed, and future research directions are suggested.
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1 INTRODUCTION
As traditional resources like coal and carbon diminish, renewable energy resources such as wave, tidal, and wind energy have become more popular due to the abundant reserves and the advantage of being pollution-free. Among them, offshore wind energy has garnered widespread global attention due to its minimal land use, cleanliness, renewability, and the stable availability of wind resources since the 20th century. The wind industry has rapidly developed, achieving a mature industry scale and advanced technological foundation (Li et al., 2020). As depicted in Figure 1, the additional capacity installed in 2023 was approximately 117 GW, according to the “Global Wind Report 2024” presented by GWEC, representing 11% of the total installed capacity of wind turbines (Liu et al., 2024).
[image: Figure 1]FIGURE 1 | New and accumulated installations of global wind capacity from 1997 to 2023 reported by GWEC 2024.
Currently, the main types of fixed offshore wind power foundations are gravity base, monopile, high-pile cap, jacket, tripod, and suction bucket foundations (Guo Y. et al., 2022). The gravity base, monopile, tripod, and jacket foundation have been widely and extensively used in engineering applications, as shown in Figure 2. Each form has its benefits and drawbacks. Specifically, the monopile foundation has strong construction supporting capability, a simple fabrication process, and low costs. It is commonly found in shallow water. The gravity base has better stability and easy construction, with high geological command. The jacket foundation has stability in complicated wind and wave conditions; however, it has higher establishment and maintenance costs. The tripod has a large bearing capacity and is suitable in deep-sea areas but requires complicated and high-cost construction.
[image: Figure 2]FIGURE 2 | Most popular foundation types of the fixed-bottom OWTs: (A) gravity base, (B) monopile, (C) tripod, and (D) jacket.
However, because fixed-bottom OWTs are commonly used in nearshore areas, the trend for future wind farm development is to move “from shallow to deep” and “from nearshore to offshore.” This trend will lead to increasing installation and construction costs as water depth increases. Therefore, installing wind turbines on floating platforms is an effective and economical solution to enhance the economic benefits of wind turbines in deep-sea areas. At present, common floating wind platforms include spar, tension leg, semi-submersible, and barge-type foundations (Jahani et al., 2022), as shown in Figure 3. These wind turbine platforms have various advantages and disadvantages. Particularly, the design of a spar-type platform is simple and straightforward, facilitating easy manufacturing and maintenance; however, the installation and maintenance costs are high. Tension leg platforms (TLPs) exhibit excellent stability and can perform well under complex environmental conditions, but their construction costs are relatively high. Barges are characterized by a large square. Although they are more sensitive to wave responses, the construction process is relatively simple and low-cost. A semi-submersible platform offers satisfactory stability, but the fabrication and maintenance are difficult and expensive.
[image: Figure 3]FIGURE 3 | Most popular foundation types of floating offshore wind turbines (FOWTs): (A) barge, (B) semi-submersible, (C) TLP, and (D, E) spar.
Therefore, the number of floating offshore wind turbines (FOWTs) has significantly increased with the rapid development of the offshore wind energy industry. However, they have substantially elevated the risk of ship collisions with wind turbines, as most are employed in busy shipping lanes. Thevenet (2021) proposed that collisions may occur due to technical errors, navigation failure of the vessel, or heavy water. As the number of wind turbines has increased, the navigable space available for vessels has decreased with increasing traffic density. In addition, the number of maintenance workers required to complete operations on the wind turbine has increased. These workers require transportation on service vessels, which will increase safety risks (Yan et al., 2023). Moreover, a vessel–turbine collision can cause significant damage to both wind turbines and vessel structures, with a consequence of oil leaks, collapse of the wind turbine, and even sinking of the vessel (Yu et al., 2020).
OWTs are characterized by slender, tall, and concentrated mass structures at the top that make them highly susceptible to damage in the event of a collision. Severe collisions can cause significant structural damage or even collapse. Major components such as the blades, nacelle, and hub fall toward the vessel under the effects of gravity, inertia, and collision forces. Irreversible damage is likely to take place.
Collisions between FOWTs and vessels cause entanglement risks to mooring systems in floater drift areas. The mooring system is a critical component of the FOWTs for station-keeping under complicated environmental conditions in deep-sea areas. However, the length and mass of mooring lines have dramatically increased as the water depth increases. The larger radius of the mooring system will obstruct ship navigation, thereby increasing the likelihood of collisions between vessels, drift floaters, and wind turbines that may cause damage to mooring systems (Yang et al., 2022). Additionally, variations in wave fluctuations, water depth, and vessel draft can lead to different collision scenarios with wind turbines (Christensen et al., 2001).
Therefore, researching proactive vessel avoidance strategies for wind turbines can play a significant role in mitigating the risks associated with ship collisions and has substantial practical significance and societal value. It is also meaningful and necessary to study the dynamic behavior of vessel–turbine collisions, thus improving the characteristics of the crashworthy measures to better protect vessels and wind turbines.
The paper is divided into four aspects. First, a brief introduction to the meaning of collision analysis of OWTs subjected to vessel impacts will be presented. Second, an overview of studies in structural response and collision characteristics on the fixed-bottom– and floating OWT–ship collisions over the last few years will be discussed. Then, a discussion of representative impact factors that would play a significant role in collisions between OWTs and vessels will be summarized. Finally, the current anti-collision measures and some proposals to mitigate the negative effect of collisions found in the literature during the past 2 decades will be addressed.
2 SHIP–FIXED WIND TURBINE COLLISIONS
Traditionally, ship collisions have been a major concern for bridge structures over navigable waterways, offshore oil and gas platforms, and even other ships. As the offshore wind energy industry expands, there is a growing focus on ensuring the safety of wind turbines against ship collisions. Research has predominantly focused on the ship impact forces and the associated structural damage. As shown in Figure 2, the main types of fixed-bottom OWTs used in engineering are monopile, gravity base, tripod, and jacket OWTs. Much attention has been paid to the dynamic response and damage impact of the OWTs by collision of vessels in the previous research related to ship–OWT collisions. Table 1 describes some representative collision scenarios between the fixed-bottom OWTs and some types of vessels using various simulation tools.
TABLE 1 | Some representative studies of collisions between fixed wind turbines and vessels.
[image: Table 1]2.1 Monopile OWTs
Suzuki et al. (2013) estimated the collision risk in wind farms comprising bottom fixed-type wind turbines caused by 6788 GT drifting ships. Li et al. (2013) and Li et al. (2014) developed a numerical model of the monopile wind turbine and vessel through a proposed external dynamic link library (DLL) under various incident wave conditions. The shielding effects of the vessel were considered. They found that wave directions and length made a difference in impact behaviors for the wind turbine and the structural response of the vessel.
The transient response and damage of grouted connections in monopile-supported OWTs subjected to ship impacts were analyzed using LS-DYNA by Mo et al. (2018), as shown in Figure 4. A finite element model simulating a 2000-ton vessel colliding with a 5 MW monopile OWT was developed, considering the nonlinear behavior of structural materials. They found that significant damage could be caused even at a low impact velocity of 2 m/s, with the strain rate effect notably influencing the response and damage of the grouted connection.
[image: Figure 4]FIGURE 4 | Vessel–monopile OWT collision system.
Niklas and Bera (2022) examined the impact collision performance between a monopile wind turbine and an offshore supply vessel to investigate the effect of adopted strain-based failure criteria on damage. It was demonstrated that a six-fold underestimation of the ship damage was due to the strain failure standard. Ladeira et al. (2022) evaluated the low-energy impacts between monopile wind turbines and service ships using the proposed semi-analytical methodology. The validation of this method was achieved by comparison with nonlinear finite element method (FEM) code LS-DYNA.
2.2 Gravity base OWTs
Hamann et al. (2013) analyzed the collision behavior between a fully loaded single-hull tanker and a 6 MW gravity-base foundation wind turbine using the FEM tool. The calculated contact forces were compared with a simplified approach. The impacts of water depth, foundation diameter, and seabed embedment were also evaluated. The FEM tool effectively optimized the gravity base foundation designs for ship collisions in a cost-effective method. Osthoff and Grabe (2015) analyzed the collision characteristics between a double-hull tanker and a gravity base foundation wind turbine using the FEM code under various water levels. The effect of swell on the collision performance of the FOWT and damage to the tanker was also examined and discussed. Presencia and Shafiee (2018) developed a methodology to minimize the collision risks of multiple kinds of vessels used for maintenance with OWTs with a gravity base foundation. It was found that the collision risks were significantly subjected to the maintenance of those under a corrective replacement. Alerechi et al. (2018) analyzed the dynamic response of a reinforced concrete gravity platform exposed to crash loads from an offshore transporting vessel using ANSYS EXPLICIT DYNAMICS. Finite element analysis (FEA) was employed to evaluate the structural integrity of the offshore platform under collision scenarios with impacting velocities of 5 m/s, 10 m/s, 16 m/s, 50 m/s, and 100 m/s. The results revealed that increasing velocity was able to proportionally upgrade deformation.
2.3 Tripod OWTs
Biehl and Lehmann (2006) utilized numerical crash tests to compare multiple wind turbines colliding with vessels under various scenarios. They determined that the monopile foundation was the most reliable. Tripod and jacket OWTs must be examined in detail before being rated. The nacelle impacts and collision modes of the whole structures were examined. Lee (2013) investigated the dynamic response of a tripod wind turbine during boat collisions and compared the damage to that of a turbine protected by a rubber fender. Figure 5 shows the collision scenarios between the vessel and a tripod wind turbine. The results demonstrated that the rubber fender system using a high Mooney–Rivlin coefficient provided the most effective collision protection for the substructure. Additionally, a minimum fender thickness was found to reduce adverse effects on the wind turbine structure.
[image: Figure 5]FIGURE 5 | Vessel–tripod OWT collision system.
2.4 Jacket OWTs
Widjaja et al. (2013) assessed the impact energy and structural response of wind turbines based on the jacket platforms under extreme states in the Vietnamese water area. It was found that the maximum value of vessel impact energy could be decreased by adjusting structural design standards and offshore operations. Zhang et al. (2014) evaluated the collision behavior and dynamic response of a wind turbine with a jacket foundation using the automatic dynamic incremental nonlinear analysis (ADINA) method. In addition, the ship velocity, joint thickness, and impact points were calculated and compared. Hsieh (2015) proposed a simplified analytical method to accurately and efficiently estimate the impact load and structural response of the jacket foundation after a collision with a vessel based on the super-element concept. Travanca and Hao (2015) explored the dynamic response and energy dissipation of a wind turbine after collisions with ships based on the finite element (FE) framework. The effects of ship sizes, platform layout, and even ship–structure interactions were also extensively considered and examined. The data showed that plastic deformation mechanisms were more suitable for high-energy ship collision analysis on the jacket OWTs. Moulas et al. (2017) studied the damage to wind turbine foundations based on monopile and jacket structures by collisions with 4000-ton support vessels using a nonlinear finite element analysis (NLFEA) approach. They identified various collision scenarios, analyzed damage extent, evaluated reinforcement effects, and offered insights for designing more collision-resistant wind turbine foundations.
Hao and Liu (2017) evaluated the anti-impact performance of monopile, tripod, and jacket foundations for wind turbines using LS-DYNA. The FE model of the vessel and wind turbine is shown in Figure 6. Maximum collision forces, damage areas, bending moments, steel consumption, and nacelle accelerations were analyzed, revealing that jacket foundations exhibited the lowest collision forces and damage, along with moderate bending moments and steel use. It was concluded that jackets provided the best overall anti-impact performance under low-energy collisions.
[image: Figure 6]FIGURE 6 | FE model of a jacket and vessel: (A) jacket and (B) vessel.
Pire et al. (2018) evaluated the crashworthiness of the jacket base OWTs for each deformation mode based on the analytical formulations. A good accordance was shown between the data and the numerical results calculated by the nonlinear finite element tool. A simplified analytical method was introduced for estimating the anti-collision ability of an oblique cylinder for the jacket OWTs impacted by the stem of a striking ship by Buldgen et al. (2014) and Ladeira et al. (2023a). The collision angles were compared and examined. Closed-form solutions were derived for horizontal and vertical cylinders using the upper-bound method, and an interpolation formula was proposed for various angles. The numerical data were validated with those simulated by LS-DYNA. Although there was a high agreement, the model was limited to high-impact energy.
Although many studies have been carried out on the dynamic response of fixed-bottom offshore wind turbines to ship collisions, most calculations have used simplified models, which have a negative impact on the accuracy of the results. Additionally, soil–structure interaction effects have not been fully accounted for in these studies and need further consideration.
3 SHIP–FLOATING WIND TURBINE COLLISIONS
Previous research has primarily investigated impacts between fixed-bottom OWTs and ships, with fewer studies examining collisions with FOWTs. This is because currently, fixed-bottom offshore wind farms are more widely and extensively operated than floating offshore wind farms. However, it is essential and valuable to study the collision impacts for all wind turbines subjected to ship impacts and develop related crashworthy measures, as the number of FOWTs is expected to increase to capture more clean energy. Some representative studies of FOWT–ship collision impacts over the last 20 years follow. The studies are summarized in Table 2.
TABLE 2 | Some representative studies of collisions between floating wind turbines and vessels.
[image: Table 2]3.1 Spar-type OWTs
Echeverry et al. (2019) analyzed the anti-collision performance between a spar-type platform and a 5000-ton vessel using LS-DYNA under various collision scenarios. The effect of properties such as nacelle mass, hydrodynamic forces, and mooring line tension of the FOWT were also investigated.
Ren et al. (2022) investigated the collision performance between a spar-type platform and a ship using a nonlinear FEM framework, as shown in Figure 7. The displacement, acceleration, collision forces, and incurred structural damage of a FOWT under various impact speeds were examined and discussed. It was found that the collision does more damage to the spar-type platform than the whole wind turbine.
[image: Figure 7]FIGURE 7 | FE model of spar-type FOWTs.
A theoretical model was developed by Zhang et al. (2021), Zhang and Hu (2021), and Zhang and Hu (2022) to analyze the dynamic responses of an OC3-Hywind spar-type offshore floating wind turbine subjected to ship impacts, considering a collision duration of 0.5 s and an impact force of 2000 kN. The model integrated hydrodynamic effects using an added mass matrix and applied rigid body impact principles to derive expressions for energy dissipation and other kinetic parameters. A time-domain analytical program was developed to evaluate dynamic responses with parametric case studies revealing sensitivity to variables such as collision force and wave conditions. The surge and pitch motions of the wind turbine under ship collision with various impact velocities are shown in Figure 8. In addition, the effect of impact speed and tower flexibility of the FOWT, as well as the deformability of the ship, were studied under various wind-wave combined loading cases.
[image: Figure 8]FIGURE 8 | Comparison of motion between collision scenarios under various collision speeds: (A) pitch motion response after a collision and (B) surge motion response after a collision.
Ha and Kim (2022) investigated the dynamic response and impact characteristics of a 5 MW spar-type platform with ship collision using ABAQUS. The results were validated by comparing them to experimental data. It was found that the residual strength of the FOWT was reduced by 4.1% reduction after collision with a ship with a velocity of 3 m/s.
3.2 TLP OWTs
Yu and Bo (2021) studied the collision performance between a DTU Wind 10 MW wind turbine with an OO-STAR semi-submersible platform and an 8800-ton vessel under parked and operating conditions using LS-DYNA and OrcaFlex. The results simulated by LS-DYNA showed that a ship striking at 2.5 m/s could destroy 0.5 m concrete walls, while a ship moving at 10 m/s could damage 1 m concrete walls. In addition, the OrcaFlex calculations showed that nacelle accelerations generally exceeded safety limits, with tower stress and mooring forces also potentially surpassing thresholds, particularly under operating conditions. Guo J. et al. (2022) studied the collision between a vessel and tension leg platform wind turbines (TLPWTs) by LS-DYNA based on the fluid–structure interaction method and constant added mass. It was demonstrated that all tension legs were not slack during ship–TLPWT collisions due to prestress.
3.3 Semi-submersible OWTs
Yu and Amdahl (2021) and Yu et al. (2022) investigated the motion response and energy absorption of the OO-STAR semi-submersible wind turbine colliding with 7500-ton service and large passing vessels under parked and typical operating conditions using the nonlinear finite element code USFOS. With an initial kinetic energy of 420 MJ, the platform exhibited significant displacements and rotations. In addition, the floating wind turbines were more resistant to ship collision impact than the fixed wind turbines.
Zong et al. (2023) studied the dynamic response and collision performance of the OC4 wind turbine struck by a vessel under combined wind–wave–mooring loads based on Star-CCM+ and ABAQUS. The time-domain results, including during and after collisions, are shown in Figure 9. It was found that the collision on the side of the turbine caused a more significant effect on the structural response of the wind turbine.
[image: Figure 9]FIGURE 9 | Motions of the OO-STAR floating wind turbine during and after tanker collisions: (A) during collisions and (B) after collisions.
Yu et al. (2024) studied the collision impact between the 15 MW UMaine VolturnUS-S wind turbines and ships, including service operation vessels, multi-purpose vessels, and anchor-handling tug ships, using ABAQUS. The influence of collision speed, displacement, angle, and ship shapes was examined and discussed based on the internal stiffener arrangement.
3.4 Barge-type OWTs
Márquez et al. (2022) proposed a mechanical model (MM) composed of an NREL 5 MW wind turbine, an ITI Energy barge-type platform, and a ship to evaluate the collision impact between the ship and the FOWT. In addition, the influence of wall thickness, collision location, and impact energy on the dynamic response of the FOWT were parametrically analyzed. The data showed that the developed model MM could precisely investigate the structural response and collision impact of both structures, as shown in Figure 10.
[image: Figure 10]FIGURE 10 | Energy balance, contact force, and penetration histories for different initial impact velocities.
Currently, research on collisions between floating wind turbines and ships remains limited and underdeveloped. In addition, research on collision behavior under extreme weather conditions is also inadequate. However, with the ongoing trend of installation in deep water, the number of floating wind turbines is expected to increase, increasing the risk of ship collisions. Therefore, future studies on ship collisions with floating wind turbines should receive more attention to enhance the operational safety of wind turbines in the presence of passing vessels.
4 INFLUENCE OF COLLISION FACTORS
As offshore wind farms expand and their distance from the coast increases, the safe operation of vessels has become more crucial. However, the risk of collisions between vessels and OWTs is influenced by various factors, including wind loads, impact velocity, collision angles, and even soil properties. Therefore, it is important to study these key collision factors to thoroughly and extensively investigate the dynamic response and impact performance of OWT–ship collisions. Thus far, numerical studies have been conducted to analyze the effects of these critical collision factors, as shown in Table 3.
TABLE 3 | Some representative collision factors.
[image: Table 3]4.1 Collision velocity
Biehl (2004) investigated the collision resistance characteristics of monopile and tripod foundations for OWTs. The structural damage characteristics and energy dissipation curves of the monopile tripod foundation and the impact of vessel collision velocity on the results were elucidated and analyzed. Amdahl and Holmas (2011) analyzed the dynamic response of a jacket-supported wind turbine struck by a high-energy ship collision with 2 m/s impact speed. It was found that the water depth and jacket layout played an important role in the collapse mode. Ramberg (2011) analyzed the local buckling characteristics of the connection points between the jacket-supported wind turbines and US. The structural response of the wind turbine after collisions at various impact locations on the jacket was considered. Ding et al. (2014) studied the dynamic response of the FOWT subjected to the collision effect of a 5000-ton ship in the front point under various speeds based on the finite element code ABAQUS/Explicit. A significant inertial force was observed at the top of the tower, while the damage in the ship bow was relatively slight.
Travanca and Hao (2014) conducted a comprehensive numerical simulation of ship impacts on offshore jacket leg structures. The effects of impact velocity, bow stiffness, and pipe dimensions on ship collisions on the collision performance were also investigated. The impact velocity analysis with and without strain rate effects is shown in Figure 11. The vessel model comprised the range of 2000–5000-ton displacement.
[image: Figure 11]FIGURE 11 | Impact velocity analysis with and without strain rate effects: (A) with strain rate effects and (B) without strain rate effects.
Moulas et al. (2017) analyzed the collision damage that occurred when wind turbine foundations were struck by a 4000-ton ship. The monopile and jacket structures in shallow and deep water were adopted in that study. It indicated that collision energy, vessel height, and collision position were significant factors influencing the impacts between monopile OWTs and vessels. Prabowoputra et al. (2020) showed that OWT–ship collisions were affected by velocity, types of vessels, impact direction, collision angle, and so on. It used the factorial design method to reveal that velocity and collision direction were the most significant factors.
4.2 Soil impact
Ramberg (2011) studied the impact of collisions between monopile wind turbines and vessels. The correct selection of soil parameters and the consideration of soil–structure interaction had a significant impact on the collision performance. Sourne et al. (2015) investigated the dynamic response of the wind turbine to a collision with a ship to optimize the design of the main aspects. Particularly, the impact of foundation soil characteristics, like site conditions, on the dynamic response of the wind turbine was studied. In addition, two vessel drift speeds, 2 m/s and 5 m/s, were adopted to distinguish the impact energy absorbed by the foundation. Bela et al. (2015) studied the nacelle dynamics and crushing behavior of the monopile wind turbine subjected to a ship collision. The effects of multiple properties like ship location, soil stiffness, and deformability of the striking ship were also presented. Han et al. (2019) and Han et al. (2020) investigated the anti-collision performance of a 4 MW tripod wind turbine that used fenders subjected to the collision impact of the 2500-ton ship using ANSYS/LS-DYNA. In addition, the collision impact of the wind turbine from a 5000-ton ship was discussed. They also considered various material properties and thickness of the fender as well as the influence of soil–structure interaction. It was found that more effective anti-collision performance would be achieved when the thickness of the fender surpassed 1.1 m.
4.3 Environmental load
Zhang et al. (2014) studied the dynamic response of a FOWT to ship collision scenarios under multiple environmental conditions. It was found that the surge and pitch motions of the platform were dramatically affected in still water, as was the mooring system, while the yaw response would be increased under combined wind-wave conditions. Song et al. (2021) evaluated the dynamic response of a 5 MW monopile wind turbine to a collision with a 4600-ton vessel under various collision scenarios. The influences of aerodynamic damping, mean wind velocity, and ship impact speed were examined and compared using numerical and analytical methods. It demonstrated that the difference between those methods was 5% and 7% under impact speeds of 1 m/s and 3 m/s, respectively.
4.4 Collision position
Kroondijk (2012) examined the collision performance of the jacket OWTs after a collision with a 160,000-ton oil tanker under loaded and unloaded conditions. Failures and overall structural damage to the jacket foundation were revealed. Dai et al. (2013) proposed a new framework to assess collision risks and key impact factors. The results indicated that low-speed collisions could potentially cause structural damage to wind turbines. In addition, seven collision scenarios, including head-on, maneuvering, and drifting collisions between the ship and wind turbine, were examined and compared. The results showed that the most significant damage would be caused if a ship directly struck the wind turbine. Hao and Liu (2017) investigated the foundation damage after a maximum collision force of a ship against a wind turbine. The impact factors, such as ship mass, velocity, and collision position, were compared.
A comprehensive evaluation of the anti-collision measures of various wind turbine platforms was conducted using the FEM tool LS-DYNA. The most optimum crashworthy performance was achieved by the jacket under low-energy collisions. Bela et al. (2017) conducted numerical simulations of vessel impacts on monopile foundation wind turbines. The effects of impact velocity, position, wind loads, and soil–structure interaction of dynamic responses of the tower structure for the wind turbine were studied. Gao and Zhang (2021) investigated the dynamic response of the jacket foundation for a 3 MW wind turbine after a collision with a 3000-ton cargo vessel. The impact of collision position and joint strength were distinguished and discussed. Liu et al. (2022) analyzed the collision performance of the wind turbine with a jacket foundation to identify the most vulnerable part and dangerous impaction point during a collision by vessels. The influence of impact points, collision directions, and angles were compared. The results showed that the eccentric impact would cause less severe local deformation than a centric collision impact, as depicted in Figure 12.
[image: Figure 12]FIGURE 12 | Comparison of energy distributions between jacket foundation and striking ship under four different centric impacts (IAC0-IAC45).
Mehreganian et al. (2024) studied two scenarios of blast phenomena and impact loads on wind turbines caused by collision with commercial ships. The impact of wind velocity, collision angle, and gravity loads have also been considered.
In conclusion, various studies have examined the significant impact factors on the dynamic response of the wind turbines subjected to a vessel collision. The parametrical analysis of the collision has a dramatic effect. However, the soil–structure interaction is so complicated that little research has addressed this component. In addition, the study of collision mechanics and structural response between wind turbines and ships is still insufficiently extensive.
5 ANTI-COLLISION MEASURES
As the risks of collisions between ships and wind turbines increase, it is crucial and valuable to take measures to reduce the negative influence of such collisions. To mitigate the damage to wind turbines and ships caused by collisions, several protective measures have been proposed, including crashworthy devices and anti-collision prediction systems, as well as analyzing and predicting the OWT–ship collision risks. However, most of these measures are still in the study phase. Table 4 presents some crashworthy measures implemented during the last 2 decades.
TABLE 4 | Some representative anti-collision measures.
[image: Table 4]5.1 Crashworthy devices
Cezary Graczykowski et al. Yue et al. (2021a) introduced a torus-shaped adaptive inflatable structure featuring multiple distinct air chambers with mechanisms for rapid inflation and pressure release and validated the effectiveness of the device through finite element simulations of ship–OWT collisions. Ren and Ou (2009), Graczykowski and Holnicki-Szulc (2009) investigated the dynamic response of the typical 3 MW wind turbine with a monopile foundation damaged by the collision of a simplified 2000-ton class ship model using LS-DYNA. A novel conceptual steel sphere ring aluminum foam pad for wind turbines has been proposed. Additionally, a spherical layout of the crashworthy device could deflect the ship from the main wind turbine substructure, thus minimizing the impact of the damage from the ship. The dynamic responses of a wind turbine subjected to vessel collisions under varying vessel velocities, rubber material, and fender thickness were considered and optimized using the FEM tool LS-DYNA by Lee and Park (2012) (Ren and Ou, 2009). In addition, they proposed a framework to mitigate the impact on tripod-type wind turbine substructures struck by ships. The materials, such as natural rubber, neoprene, and composite, were selected to optimize the anti-collision effect. The result has shown that a rubber fender with a relatively lower thickness played a significant role in mitigating the collision impact from a ship. The impact between the ship and the tripod wind turbine substructure is complicated. Liu et al. (2015), Lee and Park (2012) proposed a novel crashworthy device comprising an outer steel shell and a rubber blanket to decrease the damage of monopile wind turbines by ship collision. It was able to significantly decrease the maximum collision force and nacelle acceleration for vessels with smaller initial kinetic energy. Ren et al. (2022), Liu et al. (2015) carried out an experimental study on the dynamic response of a 4 MW monopile wind turbine with a collision by a vessel. The effect of the crashworthy device on the anti-collision performance of the wind turbine was investigated. The protected device was capable of effectively reducing the top nacelle acceleration and the ship impact force.
Han et al. (2019) investigated the anti-collision performance of various fenders for wind turbine tripods during collisions with 2500-ton ships through ANSYS/LS-DYNA. The installation position and shape of the fender are shown in Figure 13. Four fender types made from two materials and combined in different configurations were evaluated based on collision force, energy absorption, maximum bending moment, and plastic strain. The results indicated that aluminum foam fenders performed best in protection, and the coefficient of restitution (COR) provided further insights into fender longevity.
[image: Figure 13]FIGURE 13 | Fender shapes and installation positions.
Yue et al. (2021b) developed a fender for a tripod wind turbine to mitigate collision impact by ship. The effects of external diameter and various orders on the anti-collision impact on the wind turbine were examined using LS-DYNA. It was found that the structure of the first-order fractal pores played a significant role in absorbing more collision energy and enhancing the anti-collision performance of the fender. A literature review of analytical, numerical, and experimental methods for assessing the structural response of OWTs during ship collisions was presented by Ladeira et al. (2023b). Various energy transfer mechanisms and common procedures for evaluating wind load effects, soil–structure interactions, and hydrodynamic coupling were examined. Internal mechanics and hydrodynamic coupling schemes have also been surveyed, and the limitations of current models are discussed with recommendations for future research. Sun and Fang (2023) proposed a floating composite honeycomb anti-collision structure to mitigate the damage from ship–OWT high-energy collisions under typical scenarios. The anti-collision performance and dynamic response of a wind turbine with crashworthy structures were examined and compared to that without protection. The results showed that the structure was capable of absorbing 80% of the initial kinetic energy, dramatically decreasing the negative dynamic response of the wind turbine. Niklas et al. (2023) studied the collision characteristics between a 15 MW monopile wind turbine and a 6500-ton displacement supply offshore vessel. It was found that utilizing S355 grade steel could dramatically mitigate collision impact by 50% during a head-on sliding collision. Nie et al. (2024) proposed a novel fender employed on the monopile foundation wind turbine to mitigate the collision impact by ship. A viscoelastic fender with high initial stiffness achieved the most significant reductions in collision metrics, with maximum collision force decreasing by approximately 46.5% and acceleration by 54.8%.
5.2 Anti-collision systems
Hirokawa et al. (2015) assessed the risk of mooring failure in FOWTs caused by collisions with drifting ships. A simulator was developed to replicate the collision process and drifting scenarios to establish a risk evaluation framework. The results indicated that the risk was primarily influenced by the potential for large ships to displace turbines, with additional risk depending on the arrangement of the wind farms. Copping et al. (2016) utilized the automatic identification system (AIS) system to mitigate the collision risk between ships and wind turbines, improving navigation safety. Mujeeb-Ahmed et al. (2018) developed a comprehensive and intelligible collision-risk method for OWTs exposed to ship collision impact through an AIS database. The statistical distribution of ship traffic and straightforward probabilistic methods were established to effectively predict the impact energy and collision risks for multiple types of vessels.
Kim et al. (2021) focused on the collision risks of wind turbine installation vessels (WTIVs) that are widely operated in offshore wind farms. A method for analyzing WTIV collision frequency was developed and compared with the existing methods. The study underscored the importance of considering the operational characteristics of WTIVs and discussed the implications for analyzing the collision frequency between wind turbines and vessels. The proposed method considered the design accidental load (DAL), while other methods only evaluated WTIVs as a fixed platform. Sen and Song (2021) examined the crashworthiness of the wind turbine against the collision by vessels based on the No.6 offshore wind farm project in Zhoushan Putuo, in eastern China. The data highlighted the demand for unified criteria so as to meet ocean challenges like channel distance, emergency management, and collision prevention. Xue and Qian (2023) proposed an anti-collision mechanism based on improved swarm intelligence. An adaptive brain storm optimization (ABSO) with variational inference-based expectation maximization was established to avoid collision impact. In addition, the algorithm precisely and effectively improved navigation safety near offshore wind farms by optimizing turning amplitudes and route distances in tests.
Although numerical methods have been investigated to mitigate the negative influence of ship collisions with wind turbines, such as installing fenders and adaptive devices on the wind turbines, there is still limited application to engineering practice. Additionally, methods to reduce collision-risk coefficients using computer algorithms remain underdeveloped due to the current measures only making differences after collision. Advanced technologies like automated warning systems and intelligent navigation prediction frameworks are still limited in anti-collision applications. Research on reducing collision risk factors between ships and wind turbines is becoming increasingly important with the rapid development of the wind industry.
6 CONCLUSION
This paper provides an in-depth overview of research on the dynamic analysis of OWTs subjected to ship impacts, including the associated impact factors. Additionally, it summarizes the crashworthy measures developed over the past 20 years to counteract the negative effects of collision impacts on wind turbines and vessels. The paper concludes with a review of the latest advancements in wind turbine collision analysis.
(1) With the rapid expansion of offshore wind farms, vessel–turbine collisions have become increasingly common. These incidents not only cause damage to the wind turbines but also increase the risks to navigation safety for the vessels. This collision risk will influence maritime navigation safety and significantly hamper the advancement of the offshore wind energy industry.
(2) Several studies have extensively investigated the dynamic response and damage impact of fixed OWTs subjected to vessel collision. However, most of these studies have only used simplified vessel models during simulation. Because the collisions are inherently complicated, the use of simplified vessel models may influence the accuracy of calculation results.
(3) Little attention has been paid to vessel–FOWT collisions. Even existing studies are limited to the spar-type platform, ignoring TLP, barge, and semi-submersible FOWTs. However, floating wind turbines are more suitable for deep-sea areas than the fixed OWTs. Additional analyses of FOWT–vessel collisions are needed due to the rapid development of floating wind turbines.
(4) Because OWT–vessel collisions are significantly complex, a variety of factors would affect the collision performance. Some research has analyzed the predominant impact factors, such as wind load, collision angle, impact velocity, and so on. However, the understanding of the effect of soil–structure interaction on the OWT–vessel collision still has limitations.
(5) Research on collisions between vessels and wind turbines primarily focuses on the dynamic response under various collision scenarios. Most studies emphasize physical protective measures, such as equipping fenders and adaptive devices, to reduce the damage sustained by wind turbines from vessel collisions.
Considering the current state of research and the practical demands in this field, analysis of turbine–vessel collision issues could be further studied in the following areas:
(1) Existing studies have focused on the dynamic behavior of ship collisions with wind turbines. However, most studies use simplified collision models, which do not accurately reflect the actual dynamic responses during collisions. Additionally, the complex and variable environmental loads of wind, waves, and currents are difficult to comprehensively consider, and extreme conditions especially lack attention.
(2) The current research has primarily focused on fixed wind turbines, neglecting the FOWTs. Given the significant growth of the wind energy industry in recent years and the increasing installed capacity of floating wind turbines, it is crucial to investigate the collision impact between the vessels and floating wind turbines.
(3) Various studies related to key impact factors of vessel–turbine collisions limit the influence of soil–structure interaction during a collision. However, soil–structure interaction significantly influences the dynamic response of fixed wind turbines subjected to vessel collision, particularly in terms of force transmission and energy dissipation. Additional research would help optimize structural design, enhance collision resistance, and reduce potential damage.
(4) Although there has been some research into proposed anti-collision measures to protect wind turbines, this area remains relatively unexplored. Current protective measures could be improved by optimizing size or material properties to limit risk mitigation using artificial intelligence databases. In addition, existing protective designs are ineffective in protecting wind turbines during high-energy impacts. Future research in this field is expected to become increasingly comprehensive and advanced.
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