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Abstract

:

The application of electrical platform for converter station in offshore wind farm is highly forward-looking and strategic. The offshore electrical platform is complicated in structure, bulky in volume, and expensive in cost. In addition, the built-in electrical equipment is very sensitive to the acceleration response. Therefore, it is very important to study the hydrodynamic response of the electrical platform exposed in the open sea. Based on the elastic similarity, Froude similarity, as well as the flexural-stiffness similarity of the cross-section, the hydroelastic similarity was derived to guide the model test of a 10,000-ton offshore electrical platform in wind, wave, and current. The hydrodynamic responses including strain and acceleration at key positions of the structure were obtained for different incident angles of external environmental loads. The experimental results showed the increase of water depth can cause more than 10 times increase of strain and acceleration response of the platform. The attack angle of external environmental loads had no definite relationship with strain response of the structure. Therefore, the most dangerous attack angle cannot be determined. The strain of the structure under the combined action of wind, wave, and flow was significantly larger than that under wave load only.
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1. Introduction


The wind power is clean renewable energy. The development of wind power, especially offshore wind power, plays a decisive role in accelerating the green energy transformation in coastal areas. In view of the trend of large capacity and long distance of offshore wind farm, the application of electrical platform for offshore converter station is highly forward-looking and strategic. The offshore electrical platform is complicated in structure, bulky in volume, and expensive in cost. In addition, as the load-bearing structure of the electrical equipment in the offshore wind farm, the offshore electrical platform, which is a typical top-heavy structure, is characterized by a large number of electrical equipment arranged on the deck. The dynamic effect of the superstructure will aggravate the vibration of the structure, which will lead to fatigue and even failure of the jacket structure. Therefore, it needs to ensure its own safety exposed in the external environment load in open sea. Wave load is one of the most common environmental loads of offshore electrical platform structure, which is directly related to the selection and design of offshore electrical platform. Especially when the natural vibration frequency of the structure is close to the frequency of dynamic load of wave, it is easy to cause structural damage or collapse. Resonance will aggravate the stress and deformation of the structure and seriously threaten the safety and reliability of offshore electrical platform. Therefore, it is very important to accurately estimate the wave load and the response of the electrical platform structure in waves.



The main supporting structure of the offshore electrical platform is jacket foundation. There have been systematic researches on the dynamic characteristics of jacket foundation. Elshafey et al. [1] studied the dynamic response characteristics of a jacket platform in air and water by combining physical model test with theoretical analysis and focused on the impact of platform weight and wave load on the pile foundation. Dong et al. [2] calculated the dynamic response of the jacket support structure under wind and wave loads using a decoupled procedure and performed long-term fatigue analysis of welded multiplanar tubular joints for a fixed jacket offshore wind turbine. Park et al. [3] used the finite element method and Morison equation to analyze the hydrodynamic response of a jacket platform under wave and current action. The displacement response of the offshore platform under random wave action was analyzed with NEWMARK algorithm. Taylor et al. [4] and Santo et al. [5,6] conducted systematic studies on the shielding effect of the jacket platform and its influence characteristics on the drag force on the platform. Saha et al. [7] obtained short-term extreme values for the dynamic responses of offshore fixed wind turbines by using the aerodynamic software HAWC2 and the hydrodynamic software USFOS. Raheem et al. [8] and Zadeh et al. [9] investigated the effect of geometric nonlinearity and wave nonlinearity on the motion response of the jacket offshore platform, respectively.



Besides the offshore oil platform, the jacket structure is also commonly used as the foundation for the offshore wind turbine. Devaney et al. [10] conducted mathematical modeling of linear and nonlinear waves combined with the Morison equation to check the breaking wave loads and stress analysis of jacket structures supporting offshore wind turbines. Dezvareh et al. [11] suppressed wind/wave-induced vibrations of jacket-type offshore wind turbines by placing a passive vibration absorber. Wang et al. [12] conducted model test and numerical analysis of an offshore wind turbine under seismic, wind, wave, and current loads. Wei et al. [13] studied the effect of structural dynamics on the response of an offshore wind turbine supported by a jacket and subjected to wave loads. Gho et al. [14] presented an eccentric jacket substructure for offshore wind turbines to better withstand intense environmental forces and to replace conventional X-braced jackets in seismically active areas. Liu et al. [15] developed a novel frequency-domain transient response estimation method to obtain reliable estimations of the dynamic responses of offshore wind turbines with obvious nonzero initial conditions.



At present, the research on the dynamic characteristics of jacket structure under wave load tend to be systematic; however, there are few relevant researches on the dynamic characteristics of electrical platform under complex sea conditions. Due to the top-heavy characteristic of the offshore electrical platform, the superstructure may cause significant dynamic amplification effect. Therefore, it is necessary to systematically study the dynamic characteristics of the electrical platform in waves and storm condition.




2. Materials and Methods


2.1. Experimental Model Similarity


Considering the dimensions of the electrical platform, marine hydrological parameters, and laboratory conditions, the geometric scale of this test model was 1:60. The model similarity criterion is the key to this research. Besides, the structural vibration should satisfy the elastic similarity as follows [16]:


λρ·λA·λ3·λu·λt−2 = λI·λE·λu·λ−3,



(1)




where λρ is density scale, λ is geometric scale, λu is deformation scale, λE is elastic modulus, λt is time scale, λA is sectional area scale, and λI is sectional moment of inertia scale.



For a structure dominated by bending vibration, the elastic similarity law can be rewritten as follows:


λt2 = λ4·λρ·λE−1·λr−2,



(2)




where λr is radius of inertia scale.



Froude number similarity is expressed as follows [17]:


λv = λ0.5,



(3)




where λv is speed scale.



Considering acceleration scale is λg = 1, thus,


λt = λ0.5,



(4)







Combining the Equations (2) and (4), and simultaneously satisfy elastic similarity and Froude number similarity, the hydroelastic similarity can be given as follow:


λ3·λr−2 = λE,



(5)







This hydroelastic similarity is the main criterion for the design of the experimental model.




2.2. Mechanical Test of the Experimental Material


Based on the hydroelastic similarity and the previous experience on physical model test, plexiglass was selected as the material for the experimental model of the electrical platform. To obtain the basic material parameters of plexiglass, the mechanical test was carried out for the selected plexiglass which was used to make the platform model.



Cuboid specimens with a length of 200 mm, a width of 25 mm, and a thickness of 2 mm, 3 mm, 3.6 mm, and 5 mm were produced. Two pieces of each specimen were duplicated. The density of the specimen was calculated according to the mass and geometric size of the specimen, and the average value of all specimens was taken as the density of the plexiglass. The average density of organic glass materials was 1201.2 kg/m3. Standard specimens with thickness of 3 mm, 4 mm, 5 mm, and 10 mm were produced with 4 duplicates for each specimen. A universal testing machine was used to determine the static elastic modulus and Poisson ratio of plexiglass by uniaxial tensile test. The average values of static modulus and Poisson ratio of all specimens were taken as the material parameters of plexiglass. The static elastic modulus and Poisson ratio of plexiglass were 2.62 GPa and 0.42, respectively. For the dynamic model test of the electrical platform in this study, the dynamic elasticity modulus of the material should also be considered. The dynamic elasticity modulus can be calculated by measuring the fundamental frequency of a cantilever beam with rectangular section according to the formula as follow.


E’ = 4π2ρAL4f2/(3.5152I),



(6)




where E’ is radius of inertia scale, ρ is the material density, A is the sectional area, L is the length of the cantilever specimen, I is the cross-sectional moment of inertia, and f is the fundamental frequency of the specimen. Rectangular specimen with thickness of 3 mm, 4 mm, 5 mm, 7 mm, and 9 mm were prepared. One end of the specimen was fixed and restrained, and an impact load was applied to the top of the other end of the specimen. The time history of strain response of the specimen was collected, and the fundamental frequency of the specimen was obtained by frequency domain analysis. The dynamic elasticity modulus of plexiglass was 3.91 GPa.




2.3. Experimental Model Design


The prototype structural material is steel with elastic modulus of 206 GPa. The dynamic elastic modulus of plexiglass for the experimental model is 3.91 GPa. Therefore, the elastic modulus scale is 52.69 and the ratio of section radius of inertia is 64.027. The similarity relations of other parameters are summarized in Table 1. Some of the similarities relations related to section are taken platform leg as an example.



The geometric dimensions of each component of the platform model are determined according to the geometric scale and the inertia radius scale. Schematic diagram of the electrical platform is shown in Figure 1. The parameters of the superstructure model are shown in Table 2. The jacket structure mainly consists of cylindrical steel pipes. Both the length and outer diameter of the members and the pile legs are scaled by the geometric scale of 1:60; therefore, the hydrodynamic characteristics of the platform can be simulated accurately. The pipe section of the pile leg was calculated according to the area scale to achieve the accurate simulation of the elastic response of the structure (see Table 3).



Due to the material difference between the prototype and model platform, the weight distribution on the platform is different. Thus, in this study, lead is used to balance each component of the model structure. For the structural mass of the model component, the weight is scaled according to the mass scale. For the nonstructural mass, such as the weight of the equipment, it is scaled as force. In this way, both gravity similarity and hydroelastic similarity are satisfied. Finally, the balance weight was 274.4 kg for the superstructure and 142.83 kg for the jacket model. The total weight of the platform model was 502.5 kg.



In this study, the foundation of the electrical platform consisted of piles. However, in the laboratory test, the soil data is difficult to be determined. Therefore, it is necessary to adopt a simplified approach instead. The equivalent pile method was used to simulate the pile–soil interaction of converter station [18]. Firstly, the finite element model was established to simulate the nonlinear characteristics between pile and soil based on the p-y method. Then, taking the structural basic frequency as the constraint condition, the relationship between the equivalent pile length and pile diameter was determined by adjusting the equivalent pile length. In this study, the equivalent pile length of the electrical platform model is determined to be 5.82 times the pile diameter.




2.4. Experimental Set-Up


The laboratory experiments were conducted in a wave and current flume at the State Key Laboratory of Coastal and Offshore Engineering (SLCOE), Dalian University of Technology, Dalian, China. The flume is 60 m long, 4.0 m wide, and 2.5 m deep. The flume is equipped with wind, current, and wave systems. In the actual sea area, the electrical platform may be subjected to wave, current, and wind from various directions, resulting in the electrical platform being subjected to loads in different directions. In this test, three incident directions of external loads, namely 0°, 45°, and 90°, are adopted to analyze the hydrodynamic response of the electrical platform (see Figure 2). The electrical platform model and its layout in wave flume are shown in Figure 3.



In the physical model test, wave parameters were measured by capacitive wave gauge with a measuring range of 35 cm and a relative error of 0.5%. Wave height and period can be collected and calculated automatically with the wave height acquisition system. The ADV current meter of Nortek company was used for velocity collection. The sampling rate of this instrument was 200 Hz, the measuring range was 1 m/s, and the measured accuracy was 0.5%. The laboratory adopts blowers to generate wind, and the measurement of wind speed is carried out by a thermal anemometer. The measuring range is 0.3~30 m/s, and the measuring precision can be controlled within 1%. A NI (National instruments) data acquisition instrument was used to collect strain data at key positions of the structure in combination with strain gauge. The waterproof acceleration sensor is adopted to measure the acceleration response of key positions at the platform structure (see Figure 4). The measuring range of the acceleration sensor is 1.0 g and the accuracy is approximately 0.3%. The measuring frequency is up to 1000 Hz, which has high stability and anti-interference ability. The arrangement of measuring points in physical model test is very important for obtaining effective data. The data of measuring points can reflect the load on the weak position of the electrical platform. If the measuring points are not arranged reasonably, the validity and reference value of the data will be reduced. This study determined key nodes and positions of the electrical platform using the finite element analysis. The strain gauge and the acceleration sensor were arranged as shown in Figure 5.




2.5. Experimental Conditions


The normal water depth of the electrical platform is 52 m, corresponding to the water depth during the model experiment of 0.87 m. Considering the length of the equivalent pile and the thickness of the fixed bottom plate, the actual water depth is set as 1.17 m in the experiment. In order to obtain the hydrodynamic responses of the electrical platform under storm condition, a test water depth of 1.45 m, corresponding to the extreme depth of 68.8 m, was added to carry out the storm condition test.



To analyze the hydrodynamic characteristics of the electrical platform, a series of regular waves were designed in the test, as shown in Table 4. The waves include five different wave heights and five different wave periods. The storm condition was modeled using combined action of wind, current, and irregular wave (see Table 5) with deeper water depth. In this way, the hydrodynamic characteristics of the electrical platform under extreme load can be considered. This experiment was conducted with the three kinds of environmental loads acting in the same direction, which was considered as most dangerous condition for the platform structure. The wind speed, current speed, significant wave height, and wave period for an irregular wave are shown in Table 6. During the test, the current was generated first using the circulation flow system. After the current speed reached a stable level, the wind was generated. Finally, wave was generated.





3. Results


3.1. Strain Response of Electrical Platform


3.1.1. The Electrical Platform in Regular Waves


Under the water depth of operating condition, the dynamic responses of the electrical platform in regular waves are studied. Strain gauges were used to collect the strain response of structural piles. Taking the measurement results of four strain gauges at measuring point S5 at 0° angle of attack as an example, the time-history curves of structural strain response measured by different strain gauges along the circumference of a pile leg are shown in Figure 6. It can be seen from the experimental results that the strain-response value of strain gauge No. 1 at the measuring point S5 is greater than that of the other three strain gauges at the same measurement position. Similarly, the strain response of strain gauge No. 1 at position S6 is greater than that of other strain gauges. The strain response of strain gauge No. 3 at positions S1, S2, S3, and S4 is larger than that of other strain gauges. This is mainly due to the relative position of the measuring points. Measuring points S1, S2, S3, and S4 are on the wave side of the platform, while S5 and S6 are on the leeward side of the structure.



The time-history responses of strain at different positions on the pile leg of the electrical platform are shown in Figure 7. The maximum value of strain at measuring points S2, S3, and S4 decreases along with the height of the structure. The maximum strain at measuring point S1 is less than that at S2. Take the maximum value of strain peaks of four strain gauges at the same measuring point as the peak value of strain response at a measurement position. The experimental results show that the strain-response values at the measuring points 2, 3, and 4 on the same pile leg gradually decrease with the increase of the height (see Table 7).



Taking the test conditions with a period of 1.6 s as an example, the maximum strain at measuring points 1, 2, 3, and 4 changes with wave height, as shown in Figure 8a. Within the range of wave height of 0.25 m, the structural strain response increases with increasing wave height. For wave height of 0.15 m, the results of maximum strain at measuring points 1, 2, 3, and 4 are shown in Figure 8b. Overall, the strain value of the structure increases with the increase of wave height. The experimental results show that the strain response at the measuring points 1 and 2 increases with the increase of the wave period from 1.0 to 1.8 s. However, the strain response at measuring points 3 and 4 is not sensitive to the wave period.




3.1.2. The Electrical Platform in Storm Condition


The dynamic response test of the electrical platform is carried out under the combined actions of wind, wave, and current and considering a storm surge elevation. The structural strain response of the electrical platform under three different attack angles, 0°, 45°, and 90°, was simulated under storm condition. Taking the platform with an attack angle of 90° as an example, the time-history curves of structural strain response at the four strain gauges around the measurement point S1 on the pile leg under storm condition C2 are shown in Figure 9. By analyzing the measured results of four strain gauges around the circumference of the pile leg at different positions, the results show that the measured results of the strain gauge at the outside of the platform structure are larger than those of the other three strain gauges.



The strain response of the pile leg was analyzed under storm conditions of C1 and C2. The comparison results of the time history of strain response at different measuring points are shown in Figure 9. According to the analysis results, the strain at different measuring points in storm condition C2 is significantly larger than that in C1. Under the same environmental load, the strain values of strain gauges No. 2 and No. 4 were very large, followed by strain gauge No. 1, and strain gauge No. 3 had a minimum strain.





3.2. Acceleration Response of Electrical Platform


3.2.1. The Electrical Platform in Regular Waves


In this study, the peak value of the acceleration response of the structure is taken as the key index to reflect the motion response of the electrical platform. Under the action of different regular waves, the acceleration response of the structure at different positions is shown in Table 8. Figure 10 shows the variation of the peak value of acceleration response with wave height and wave period at various measurement points of the structure. It is indicated that when the wave period is constant, the acceleration response of the measurement point of the structure increases with the increase of wave height. While the wave height is constant, the acceleration response of the measuring point decreases with the increase of the period. Overall, the peak value of acceleration response at measuring point J3 is the largest under different wave conditions. However, the acceleration response at measuring points J5, J6, J7, and J8 is not sensitive to the changes of wave height and period.



Through frequency domain analysis of acceleration time-history curve, the corresponding frequency-domain curves of various measuring points are obtained. The peak value of frequency domain curve appears at 5.6 Hz which is approximately the frequency of the first-order mode in the normal direction of the platform (see Figure 11).



According to the experimental results, the acceleration response at different positions of the electrical platform was analyzed. Comparison between time series of the acceleration response at superstructure, jacket structure, and sensitive positions for internal electrical equipment is shown in Figure 12. To observe the change of the acceleration response more clearly, the time series at various measurement positions are presented with a range of 3.2 s, respectively. Among the eight acceleration sensors arranged on the structure, acceleration sensor J3 had the largest response. This is because J3 is located on the lower jacket structure and near the water surface. This part of the structure is directly affected by wave load; thus the peak value is higher than that of other positions. When wave acts on the structure, the instantaneous response of acceleration at each measuring point is quite different. The acceleration responses at all measuring points decay synchronously after wave excitation, and the attenuation trend is basically the same. It can be concluded that the wave excitation propagates upward and downward from the middle part of the platform structure at the same time. When the whole structure is excited, the response at each measuring point attenuates synchronously.




3.2.2. The Electrical Platform in Storm Condition


The acceleration response of some key nodes of the electrical platform under storm condition was measured. Under the combined action of wind, wave, and current, the acceleration response of the structure increases with increasing wind speed, current speed, and wave height. According to the acceleration time series at different positions, the acceleration response of the structure is analyzed in frequency domain (see Figure 13). The results show that the spectral peaks of the structure at different positions appear at approximately 6 Hz, which is close to the first-order mode frequency of the structure in the normal direction. In addition, it can be found from the spectrum curve that the wave slamming on the lower deck of the platform excites the high-order mode of the structure.



Based on the experimental results, the acceleration responses of the jacket structure, the superstructure, and sensitive positions of the electrical equipment inside the platform were compared and analyzed. To observe the variation of the acceleration more clearly, each response time series was presented with a range of 8.0 s (see Figure 14). The results show that the trend of acceleration response at three measuring points on the jacket is consistent. However, there are significant differences in both the time history and the peak value of acceleration response at the measurement points in the superstructure and electrical equipment. This is mainly due to that the phase difference occurs in the transmission process after the external environmental load stimulates the hydrodynamic response in the structure. At the same time, this phenomenon is related to the high-order mode of the structure due to wave excitation.






4. Discussion


4.1. Effect of Water Depth on Strain Response


The electrical platform structure presents different characteristics of the hydrodynamic response under normal and storm conditions. When the water depth changes, the hydrodynamic response of the structure will be different, even if the wave state remains the same. The structural strain peaks at different positions under the action of regular waves with an attack angle of 0°are shown in Figure 15. When the wave height increases, the strain of the structure increases in both extreme and normal water depths. Moreover, the strain peak of the structure in extreme depth is larger than that in normal depth.



In the experiment, when the wave height is greater than 0.20 m, the structural strain in extreme depth is significantly greater than that in normal depth. This is mainly due to the following two reasons: (i) When the water depth increases, the area of interaction between water and the jacket structure of the electrical platform increases. Therefore, the loads acting on the structure increases, and the local stress and strain increase correspondingly. However, jacket members are slender and the increase of effective area is limited. Therefore, the strain increment is small under waves with lower wave height (less than 0.15 m). (ii) When the water level rises, larger waves (wave height larger than 0.20 m) will interact with the superstructure. On the one hand, waves will impact on the windward side of the superstructure of the platform. On the other hand, waves interact with the lower deck of the platform, which creates a complex wave-slamming effect. This will change the mechanism of dynamic response of the structure significantly, and the stress and acceleration responses will show strong nonlinearity. Moreover, the environmental load and response of the structure increase significantly.




4.2. Effect of Attack Angle on Strain Response


In this study, three attack angles between the environmental loads and the platform structure were considered. Under the same environmental loads, the attack angle has a significant influence on the structural strength and motion response. However, from a perspective of practical engineering, structural strain is more closely related to structural safety. Therefore, the strain response under different angles of attack was analyzed in this section. With the increase of wave height, the strain response of the structure under the action of waves at all angles tends to increase. However, the variation trends of structural strain are different at various positions under three angles of attack. The electric platform structure is a statically indeterminate frame structure. No matter which direction the wave load impacts on the platform, the strain at different positions has a good consistency; in addition, the strain values are comparable. There was no significant difference in strain value between the wave side and the leeward side (see Figure 16).




4.3. Effect of Environmental Loads on Strain Response


Various combined modes of environmental loads have different effects on strain response of the platform. Taking the time series of strain at the measuring point S2 at 0° attack angle as an example, the strain response of the platform structure under irregular wave only and the combined action of wind-wave-current is shown in Figure 17. It can be seen from the experimental results that the strain response of the structure under waves with the wave height of 0.20 m is larger than that when the wave height is 0.15 m, regardless of the combined action of wind, wave, and current or wave only. Overall, the strain response of the structure under combined loads is larger than that under wave load only. Under wave action only, the structural strain changes periodically around the equilibrium position, with a maximum value of approximately 10 με. However, due to the actions of wind and current, the equilibrium position of the time series of strain increases to approximately 30 με. Under the combined action of wind, wave, and current, the maximum value of strain can exceed 40 με. Due to the action of wind and water, the structure experiences an initial constant value of strain. Therefore, the strain of the structure under the combined action of wind, wave, and current is significantly larger than that under the action of irregular waves.




4.4. Effect of Water Depth on Acceleration Response


Similar to the strain response, the influence of water depth on the acceleration response of the structure is mainly related to the following two reasons. On the one hand, the area of interaction between water and the jacket structure and electrical platform increases with the increase of water depth. Therefore, the structural load increases and the acceleration response of the structure increases correspondingly. On the other hand, as the water rises, waves with larger wave height slam directly on the superstructure. It can greatly increase the wave load and acceleration response of the structure. According to the experimental results, when the wave height increases, the peak acceleration of the structure in extreme and normal water depths presents a nonlinear increasing trend (see Figure 18). When the wave height increases, the peak acceleration of the structure increases in both extreme and normal water depths. When the wave height is small (less than 0.10 m), the peak acceleration of each measuring position of the structure in extreme and normal water depths has limited difference. However, when the wave height is greater than 0.15 m, the acceleration response of the structure in extreme depth is significantly greater than that in normal depth. This phenomenon is consistent with the variation of wave load. The results of acceleration response in this study can provide reference for the layout of electrical equipment on the platform.



The present study is primarily based on physical model test. Wind, wave, and current acting on the platform in the same direction is considered as the most dangerous sea state. In addition, both normal wave and storm conditions are considered in this study. The present results could reflect the dynamic responses of the offshore electrical platform. Due to high efficiency and accuracy, numerical simulation has been widely used in the fields of coastal and offshore engineering [19,20,21,22]. In the future work, the results of physical model test will be taken as the benchmark for the development of finite element model. On the basis of validation, the numerical simulation of the electrical platform will be carried out to further enrich the structural responses of strain, stress, and motion. The study of wind, wave, and current loads acting on the structure with different incident directions will be conducted and provide a supplement for the results of the physical model test. Besides, the effect of extreme loads, such as earthquake, on the dynamic response of an electrical platform can be investigated by numerical simulation [23].





5. Conclusions


In this study, a physical model experiment was carried out to study the dynamic characteristics of a 10,000-ton offshore electrical platform under the combined actions of wind, wave, and current. Two water depth conditions, extreme and normal depths, were simulated in the experiments. Through the physical model test, the acceleration and stress responses of the offshore electrical platform in three typical attack angles were obtained. The main conclusions are as follows:



(i) The increase of water depth caused a rapid increase of strain and acceleration response of the electrical platform. Especially in waves with high wave height, the peak value of strain and acceleration responses could increase by more than 10 times, if waves directly impacted on the superstructure of the electrical platform. Therefore, in practical engineering, the wave height and storm surge should be fully considered to avoid wave-slamming effect on the superstructure.



(ii) With the increase of wave height, the strain response of the structure under waves at various attack angles tended to increase. However, there was no definite relationship between attack angle and peak strain at different locations. It was suggested that the peak values of strain and acceleration response caused by different external environmental loads should be fully considered in structural design.



(iii) The experimental results showed that the maximum strain value is about 10 με under waves. When wind, wave, and current acted on the platform together, the maximum strain value can exceed 40 με. The strain of the structure under the combined action of wind, wave, and flow was significantly larger than that under wave load only.
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Figure 1. Schematic diagram of the electrical platform. 
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Figure 2. The experimental layout of the electrical platform model. 
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Figure 3. The electrical platform model in the wave flume. (a) In air; (b) In water. 
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Figure 4. The experimental layout of acceleration sensors. (a) Acceleration sensor; (b) Acceleration sensors on the platform. 
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Figure 5. Measurement positions of dynamic response at key nodes of the electrical platform. 
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Figure 6. Time-series of the strain response of strain gauges at measurement position S5 in waves. Wave condition: H = 0.10 m and T = 1.6 s. 
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Figure 7. Time-series of the strain response at various measurement positions in waves. Wave condition: H = 0.15 m and T = 1.4 s. 
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Figure 8. The structural strains at various measurement positions in waves. (a) Variation with wave height when wave period T = 1.6 s; (b) Variation with wave period when wave height H = 0.15 m. 
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Figure 9. Time-series of the strain response at various measurement positions in storm conditions. (a) S1; (b) S2; (c) S3; (d) S4. 
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Figure 10. The peak accelerations at various measurement positions in waves. (a) Variation with wave height when wave period T = 1.6 s; (b) Variation with wave period when wave height H = 0.15 m. 
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Figure 11. Frequency-domain comparison of acceleration responses at measurement positions J7 and J8 in waves. (a) J7; (b) J8. 
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Figure 12. Time-series of the acceleration response at various measurement positions in wave condition A5. (a) J1, J2, J3; (b) J4, J5, J6; (c) J7, J8; (d) J3, J6, J7. 
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Figure 13. Frequency domain comparison of acceleration responses at various measurement positions in storm condition C2. (a) J2 and J6; (b) J7 and J8. 
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Figure 14. Time-series of the acceleration response at various measurement positions in storm condition C2. (a) J1, J2, J3; (b) J4, J5, J6; (c) J7, J8; (d) J3, J6, J7. 
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Figure 15. Structural strain responses at various measurement positions of the electrical platform with different water depths in waves for wave period of 1.6 s. (a) S1; (b) S2; (c) S3; (d) S4; (e) S5; (f) S6. 
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Figure 16. Structural strain responses at various measurement positions of the electrical platform with various attack angles in waves for wave period of 1.6 s. (a) S1; (b) S2; (c) S3; (d) S4; (e) S5; (f) S6. 






Figure 16. Structural strain responses at various measurement positions of the electrical platform with various attack angles in waves for wave period of 1.6 s. (a) S1; (b) S2; (c) S3; (d) S4; (e) S5; (f) S6.



[image: Water 11 02042 g016]







[image: Water 11 02042 g017 550] 





Figure 17. Time-series of the strain response at measurement position S2 in both wave and storm conditions. 
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Figure 18. Structural peak accelerations at various measurement positions of the electrical platform with different water depths in waves for wave period of 1.6 s at attack angle of 90°. (a) J1; (b) J2; (c) J3; (d) J4; (e) J5; (f) J6; (g) J7; (h) J8. 






Figure 18. Structural peak accelerations at various measurement positions of the electrical platform with different water depths in waves for wave period of 1.6 s at attack angle of 90°. (a) J1; (b) J2; (c) J3; (d) J4; (e) J5; (f) J6; (g) J7; (h) J8.
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Table 1. The similarity relation of basic parameters for the experimental model design.
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	Parameter
	Similarity
	Similar Scale





	Length
	λ
	60



	Area
	λA
	1120.7



	Volume
	λ·λA
	67,241



	Density
	λρ = 1
	1



	Mass
	λρ·λ·λA
	67,241



	Speed
	λ0.5
	7.746



	Acceleration
	λg = 1
	1



	Time
	λ0.5
	7.746



	Frequency
	λ−0.5
	0.129



	Force
	λ3
	603



	Moment
	λ4
	604



	Moment of area
	λA·λr2
	4.59e6



	Moment of mass
	λ·λA·λr2
	2.76e8



	Stress
	λ4·λD·λA−1·λr−2
	176.3
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Table 2. Geometric dimension parameters of the superstructure model.
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Member Type

	
Model Number

	
Sectional Dimension (mm)

	
Section for Model






	
Box beam

	
B3000

	
59.1 × 23

	
Rectangular section (Height × Width)




	
I-beam

	
H2000

	
45.5 × 8.6




	
H1500

	
34.2 × 6.8




	
H1200

	
27.6 × 6.4




	
H1000

	
22.8 × 5.1




	
H800

	
18.1 × 3.8




	
Pipe

	
P2000 × 50

	
32 × 3

	
Pipe (Outside diameter × Thickness)




	
P1500 × 40

	
25 × 2




	
P1000 × 30

	
22

	
Solid bar (Diameter)




	
P800 × 24

	
18
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Table 3. Geometric dimension parameters of the jacket structure model.
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Member Type

	
Model Number

	
Sectional Dimension (mm)

	
Section for Model






	
Pipe

	
P2000 × 50

	
32 × 3

	
Pipe (Outside diameter × Thickness)




	
P1500 × 40

	
25 × 2




	
P1200 × 40

	
20 × 2




	
P2800 × 70

	
45 × 5




	
P2600 × 60

	
45 × 3




	
P2900 × 135

	
50 × 5
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Table 4. Regular waves for the physical model experiment.
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	Test Number
	Wave Height (m)
	Wave Period (s)





	A1
	0.05 (3) 1
	1.6 (12.4)



	A2
	0.10 (6)
	1.6 (12.4)



	A3
	0.15 (9)
	1.0, 1.2, 1.4, 1.6, 1.8

(7.7, 9.3, 10.8, 12.4, 13.9)



	A4
	0.20 (12)
	1.6 (12.4)



	A5
	0.25 (15)
	1.6 (12.4)







1 The values in parentheses represent the prototype values.
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