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Abstract

:

Large quasi-elliptical cylinders are extensively used in ocean engineering. To enhance a better understanding of the hydrodynamic wave force on such quasi-elliptical cylinders during extreme events, a series of experiments on extreme wave interaction with a quasi-elliptical cylinder were conducted. A series of waves with various wave heights, wave periods, and wave incident directions were tested to investigate the wave parameter effect and wave directionality effect on the wave forces on the quasi-elliptical structure. The experimental results indicate that the extreme wave-induced forces on the quasi-elliptical cylinder are strongly correlated to the wave period and wave incident direction. The peak forces on the quasi-elliptical model do not vary monotonically with the increasing wave period but show an increase followed by a decrease. Both the longitudinal and transversal forces are significantly increased when the wave incident direction changes from 0° to 45° and the wave directionality effect is enhanced when the wave period is decreased. Additionally, the inertial force equation was applied to the wave force estimation for such quasi-elliptical cylinders, and the inertia coefficient CM was fitted based on the experimental results of α = 0°.
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1. Introduction


With the booming demand for transportation, lots of coastal bridges have been constructed in recent years. Large-scale cylinders with quasi-elliptical cross-sections are widely used in sea-crossing bridge construction due to their economic benefits over the large circular cylinders and their better performance in wave diversion than large rectangular cylinders. For example, this kind of cylinder is often used as the caisson foundation and pile cap for coastal bridges. In recent years, extreme hydrodynamic events, such as hurricane Ivan in 2004, hurricane Katrina in 2005, the Indian Ocean tsunami in 2004, and the Tohoku tsunami in 2011, cause extensive damage to coastal bridges [1,2,3,4,5,6,7,8,9,10,11,12,13,14,15]. As the bridge caisson foundations and pile caps are submerged into the seawater or close to the sea level, they are exposed to extreme waves, and prone to damage under the action of extreme waves. Thus, understanding and estimating the hydrodynamic forces exerted on such quasi-elliptical cylinders during extreme hydrodynamic events are of significant engineering relevance to the safety of coastal bridges.



The wave forces on cylinders with circular cross-sections have been widely studied. Basically, according to the circular cylinder scale (D/L, where D is the diameter of the cylinder and L is wavelength), there are two main methods for estimating the wave forces. One is the Morison equation [16], which is suitable for small-scale circular cylinders (D/L < 0.2). However, for large-scale circular cylinders (D/L > 0.2), as the presence of the body would cause significant diffraction waves, the Morison equation is not applicable anymore. Based on diffraction theory, Havelock [17] and MacCamy and Fuchs [18] derived analytical solutions for estimating wave forces on such large-scale circular cylinders in water with infinite and finite depth, respectively. Numerous experiments on wave interaction with the large-scale circular cylinder have been conducted [19,20,21,22]. In these experiments, the relative cylinder scale (D/L) and wave steepness (H/L) covered a wide range. The comparisons of their experimental results with the calculated value by MacCamy and Fuchs’s approach [18] verified the validity of this approach and indicated that this approach has wider application conditions.



Compared with the studies focusing on the circular cylinders, studies focusing on a large-scale cylinder with a quasi-elliptical section are relatively limited. Based on the finite difference method and volume of fluid (VOF) method, Wang et al. [23] established a 3D numerical model to investigate the wave forces on a quasi-elliptical cylinder. By varying the relative wave height H/d, relative cylinder width kD, and relative length-width ratio B/D in the numerical model, the numerical results indicated that the relative wave height (H/d) significantly influences the longitudinal force and the relative length-width ratio (B/D) significantly influences the transversal force. Using a similar numerical model, Wang et al. [24] studied the wave forces and wave run-up on a perforated quasi-elliptical cylinder. Compared with the solid quasi-elliptical cylinder, the wave forces and wave run-up on the cylinder are reduced by the perforated effect. Then, Ren et al. [25] and Ren et al. [26] extended the single quasi-elliptical cylinder to multiple quasi-elliptical cylinders. The wave forces on the multiple quasi-elliptical cylinders have been explored, considering the influence of wave height, wave period, wave incident direction, and the spacing between the quasi-elliptical cylinders. Wei et al. [27] conducted a series of experiments on wave-current interaction with a bridge tower, which has a quasi-elliptical caisson foundation. The wave-only, current-only, and wave-current induced combined forces on the quasi-elliptical foundation were presented. Except for the numerical and experimental investigations, Liu et al. [28] and Liu et al. [29] proposed analytical solutions for estimating the wave forces on a bottom-mounted and truncated cylinder with arbitrary cross-section, respectively. Their solutions are based on the condition that the radius function of the cylinder can be expanded into a Fourier series. Wei et al. [30] developed a force prediction formula by superposing the theoretical formula for estimating wave forces on a large circular cylinder (derived by MacCamy and Fuchs [18]) and the empirical formula for estimating wave forces on a large rectangular cylinder.



In the actual marine environment, extreme waves always obliquely attack the structures. The oblique wave-coastal structure interaction problem, such as oblique wave-coastal bridge interaction [31,32], and oblique wave-breakwater interaction [33,34] have been widely studied. As the geometry of the large quasi-elliptical cylinder is not totally symmetric, the wave directionality effect should be taken into account when estimating the wave forces on such large-scale quasi-elliptical cylinders. Among the above studies, only Liu et al. [29] and Ren et al. [26] considered the influence of wave incident direction.



To better understand the hydrodynamic performance of the large-large scale cylinder with a quasi-elliptical section, and investigate the effect of extreme wave height, wave period, and wave incident direction on the wave forces, a series of experiments on extreme wave interaction with a quasi-elliptical cylinder were conducted. The nonlinear regular wave was adopted to simulate the extreme wave, and four wave heights, six wave periods, and four wave incident angles were considered. The experimental setup is described in Section 2, involving facilities, test cases and test procedures. In Section 3, the experimental results under the conditions of normally incident waves are presented. The inertial force equation was applied to the wave estimation for such a quasi-elliptical cylinder and inertia coefficient CM was fitted based on the experimental results. Then, the oblique wave-induced forces are presented and the wave directionality effect is discussed. In Section 4, conclusions and suggestions targeted at the large-scale cylinder with a quasi-elliptical section are drawn.




2. Materials and Methods


2.1. Facilities and Instrumentation


The experiments were conducted in the Underwater Tunnel Laboratory, China Merchants Chongqing Communications Technology Research and Design Institute Co., Ltd., China. The wave flume is 36 m in length, 31 m in width, and 3 m in height, as seen in Figure 1a. The flume is equipped with a piston-type wavemaker system. The wavemaker system consists of a computer controlled system, servo drivers, servo motors, and 45 wave paddles. The 45 wave paddles are installed at the right end of the flume along the whole flume width and driven by the computer controlled system so that one-dimensional wave environments can be generated. The wavemaker system is able to generate various wave environments, such as linear regular wave, nonlinear regular wave, and solitary wave. The sponge wave absorbing-beach is positioned at the left end of the wave flume to reduce the wave reflection. It is tested so that the absorption capacity of the wave absorber is more than 92% in the main wavelength range. A steel frame is equipped at the top of the wave flume to fix the test model. The test frame can slide in three directions to adjust the model position. A detailed description of the wave flume can be found in another study [35].



Two wave gauges (WG1 and WG2) with a sampling rate of 200 HZ and 0.1 mm spatial resolution are installed 1.5 m ahead and 15 m behind the tested model. A 3-component dynamometer is mounded between the tested model and the steel frame to measure wave forces on the model. Force data are sampled at a rate of 200 HZ, which is sufficient to capture the peak forces.




2.2. Test Model, Test Cases and Test Procedure


The design of the tested model was inspired by a foundation for a sea-crossing bridge in China. The prototype foundation has an elliptical section with dimensions of 68 × 41.8 m, combining a central rectangle of 26.2 × 41.8 m, and two external semi circulars with a diameter of 41.8 m. Considering the flume dimensions and abilities of experimental facilities, the tested model was designed according to the Froude similarity using a 1:100 geometric scaling. Figure 1b,c displays the scale model with characteristic parameters of D = 0.418 m and b = 0.262 m. The height of the scale model is 0.7 m, which is high enough to prevent wave overtopping. The scale model is made of polymathic methacrylate, and its interior is empty, and the exterior is closed. At the top surface of the model, there are eight pre-reserving bolts used to fix the model, see Figure 1c. The model is mounted 15 m downstream of the wave paddle and fixed by attaching its top surface to the steel frame through the 3-component dynamometer. In the experiments, the quasi-elliptical model is partially submerged into the water, with constant submerged depth Sd = 0.285 m for all the tested cases.



The prototype wave height of 6 m, 7 m, 8 m and 9 m and the prototype wave period 8.5 s, 9.0 s, 9.5 s, 10.0 s, 10.5 s, and 11.0 s were chosen to simulate the extreme waves. The corresponding tested wave height (H = 0.06 m, 0.07 m, 0.08 m, and 0.09 m) and wave periods (T = 0.85 s, 0.90 s, 0.95 s, 1.00 s, 1.05 s and 1.10 s) are listed in Table 1. According to the wave parameters, H/gT2 and d/gT2, most of the test waves are found in the range of the third-order Stokes wave and some waves correspond to the second-order Stokes wave, as shown in Figure 2.



In the actual marine environment, the wave height and wave period but also the wave incident direction are varied. To simulate the multidirectional extreme waves in the actual marine environment, four wave incident angles of α = 0°, 15°, 30°, and 45° are considered. As shown in Figure 1b, the wave incident angle α is defined as the angle between the wave propagation direction and the long centerline (D + b) of the model. As the wave paddles are installed on the left side of the wave flume, the generated wave could propagate only along the x-axis of the wave flume. Thus, for the condition of α = 0°, the long axis (D + b) of the model is parallel to the x-axis of the wave flume. For other conditions with α = 15°, 30°, and 45° the quasi-elliptical cylinder is rotated by 15°, 30°, and 45° clockwise based on the center point to simulate the interaction of obliquely incident waves with the quasi-elliptical cylinder.



Before the quasi-elliptical cylinder is mounted into the flume, the wave surface elevations at the model center position were monitored to verify the quality of the generated nonlinear regular waves. After that, the model was mounted into the flume, and the wave-induced forces on the quasi-elliptical model were measured. The time of the generating wave was set to 25 s, which ensures a trail of waves act on the model and fewer reflected waves act on the model.



To ensure the accuracy and repeatability of the experiments, each case, where the wave height, wave period, and wave incident angle remain constant, was repeated three times. The results of wave heights and forces are the averages of the statistical analysis of the three trials. Any repeated test with a variation in maximum force or wave height of more than 5% was not used.




2.3. Validation of Regular Wave Train in the Flume


The wave surfaces measured at the model center without the round-end cylinder are compared with the theoretical wave elevations calculated by the 2nd and 3rd order Stokes wave theory. As shown in Figure 3, the generated waves are sable within the whole reported time-domain and good agreements are observed between the measured and theoretical results. It indicates that the wavemaker is capable of generating good-quality nonlinear regular waves. For all the cases listed in Table 1, the relative errors between the generated wave height and aimed wave height are within ±3%, satisfying the experimental requirements.





3. Results


3.1. Effect of Wave Characteristics


Figure 4 shows the time histories of the longitudinal force (Fx) on the quasi-elliptical cylinder for several typical cases. The positive value and negative value represent the forward force and backward force along the x-axis, respectively. The longitudinal force oscillates between the positive and negative peak values periodically with the wave action. Within one period, as the wave hits on the model, the longitudinal force rapidly increases to a positive peak. Then, as the wave crest passes through the model, it decreases to a negative peak and finally back to zero. The positive peak force is not totally equal to the negative peak force. The value of the negative peak is larger than the value of the positive peak, especially for the cases of a wave with a larger wave height and smaller wave period. For the case of H = 0.9 m and T = 0.85 s the negative peak value is almost 1.44 times the positive peak value.



Compared with the wave with a smaller wave height, the higher wave-induced force show similarity in the shape of the curve, but with a higher peak value. The higher peak value is caused by the larger action area and larger acceleration of the water particles. Compared with a wave with a smaller wave period, the wave force for the case with a larger wave period shows an obvious dissimilarity in the shape. For the cases of the wave with a smaller wave period (T = 0.85 s, 0.90 s), the force curve rapidly decreases to zero after reaching the peak values. However, for the cases of the wave with a larger period (T = 1.05 s, 1.10 s), the force rapidly raises from zero to peak value, then gradually decreases to a stage with a relatively large value and finally rapidly decreases to zero. It makes the forces stay high for a longer duration. It is unfavorable for the stability of the structure because the stability of the structure not only depends on the magnitude of the force but also the lasting time of the force (mu = Ft, m is the mass of the structure, u is the velocity, F is the forces on the structure and t is the force lasting time).



Figure 5 shows the process of the wave acting on the quasi-elliptical model for the case of H = 0.9 m, T = 0.9 s. The camera is installed at the longitudinal centerline of the flume and 2 m upstream of the model. As seen in Figure 5a, an obvious diffraction wave is generated due to the existence of the large model. The diffraction wave and incident waves superimpose over one another and form a new wave field (Figure 5b). The newly formed wave hits on the model and a part of the wave runs up along the upstream side of the model (Figure 5c). Then, the wave crest passes away and the next wave arrives (Figure 5d).



The longitudinal positive peak force (Fx+) and longitudinal negative peak force (Fx−) with a broad range of wave height and wave period are presented in Figure 6a,b, respectively. As observed previously, the higher wave causes both higher positive and negative peak forces due to the larger wave impact area and larger fluid accelerations. Additionally, it is observed that the positive peak force and negative peak force show a similar transformation trend with the increase of the wave period. Both the positive peak force and negative peak force increase first and then progressively decrease with the increasing wave period. The largest positive and negative peak force occurs at a period of 0.95 s or 1.00 s. The magnitude of the peak forces depends on the fluid acceleration and pressure difference between the front and rear semicircular surfaces of the quasi-elliptical model. For these critical periods, as the wavelengths are nearly two times the length of the model (D + b) when the wave crest hits on the front semicircular surface, the wave trough arrives at the rear semicircular surface, and thus the largest peak force occurs. For wave periods smaller than these critical periods, although the fluid accelerations are relatively large, the forces exerted on the quasi-elliptical model are smaller because the pressure difference between the front and rear semi-circular surfaces is smaller. For periods larger than these periods, the fluid accelerations are progressively smaller and thus the total forces become smaller.



The values of the negative peak force are compared with the values of the positive peak force. For all the cases shown in Figure 6, the negative peak forces are larger than the corresponding positive peak force, nearly being 1.16~1.44 times the positive peak forces. Thus, the nonlinear wave-induced negative peak force should be fully considered in the construction design of the quasi-elliptical structure.



As the large quasi-elliptical cylinder is extensively used in ocean engineering, it is critical for engineering applications, to estimate the peak forces on such structures. Although Liu et al. [28] and Liu et al. [29] have developed analytical solutions for estimating the wave forces on the cylinders with arbitrary cross-sections, the formulas are presented in a complex form. It is not simple and effective for practical engineering applications. Wei et al. [30] suggested an approximate analytical formula to estimate the regular wave-induced forces on a large quasi-elliptical structure. It is established based on the superposition of the theoretical formula of wave forces on a large circular cylinder (developed by MacCamy and Fuchs [18]) and the empirical formula of wave forces on a large rectangular cylinder (suggested by the Code of Hydrology for Harbor and Waterway (China) [36]). The approximate formula is proved to be efficient by comparing the predicted force with the experimental force. However, the formula is developed based on the perpendicular quasi-elliptical structure (the condition of incident wave angle α = 90°), and is inapplicable to the parallel quasi-elliptical structure (the condition of incident wave angle α = 0°).



For the parallel quasi-elliptical structure, as the wave action area in the longitudinal direction is identical to that of a circular cylinder with an equal diameter, one may expect that the peak forces on the quasi-elliptical cylinder could be roughly estimated by the force prediction method for a circular cylinder. Therefore, the measured peak forces on the quasi-elliptical cylinder are compared with the predicted peak forces on a circular cylinder with equal diameter to examine this expectation. The predicted peak force is calculated by the analytical solution developed by MacCamy and Fuchs [18]. By integrating the formula given by MacCamy and Fuchs [18] from the cylinder bottom z1 = d−Sd to the still water level z2 = d, the peak force can be obtained and it is transformed into an inertial force form:


   F  xmax   =  C    M      γ π  D 2  H  8    sinh ( k  z 2  ) − sinh ( k  z 1  )   cosh ( k d )    



(1)




where CM is the inertial coefficient, γ is the unit weight of water, H is wave height, k is wave number, d is water depth, ω is wave frequency, z2 = d, z1 = d − Sd.



The comparison between the measured and predicted results is presented in Figure 7. The measured and the predicted peak forces are normalized with the parameter of γπD2H(sinh(kz2)-sinh(kz1))/[8cosh(kd)] and plotted against the parameter of D/L. It is observed that the measured positive peak value is close to the predicted value. However, as the negative peak force on the quasi-elliptical model is larger than the positive peak force, the negative peak value is underestimated, especially for the cases with small D/L. When D/L < 0.3, the negative peak value is underestimated by at least 40%. In practical engineering, this underestimation would result in unfavorable factors or even structural failure. To provide a more accurate prediction formula for such a quasi-elliptical structure, fitting analyses are carried out on the positive and negative peak values, respectively, as shown in Figure 8. The relationship between the inertial coefficients and the relative diameter (D/L) is obtained as follows:


     C M   +  = 0.96 + 12.00   ( D / L ) − 33.22    (  D / L  )   2   



(2)






     C M   −  = 0.64 + 16.71   ( D / L ) − 41.16    (  D / L  )   2   



(3)




where CM+, CM− is the inertial coefficient for estimating positive peak force and negative peak force, respectively, and L is the wavelength. Equations (2) and (3) can be used to estimate the peak forces on a parallel quasi-elliptical cylinder for the conditions of D/L within 0.2~0.4 for practical ocean engineering.




3.2. Effect of Incident Wave Direction on Logitudinal Wave Force


Figure 9 presents the time history of the longitudinal wave force for the typical cases of T = 0.9 s, H = 0.06 m and 0.09 m under four incident wave directions: α = 0°, 15°, 30° and 45°. Compared with the wave force under the condition of α = 0°, the wave forces under the condition of α = 15° and α = 30° do not show obviously dissimilarity in the shape of the curve. When the wave incident angle increases to 45°, the force on the cylinder presents a stagnation behind the positive peaks rather than rapidly decreasing to negative peaks. That is ascribed to the contribution of the wave force on the side surface of the quasi-elliptical cylinder. When the incident angle of the wave is larger, the wave acts on the seaward semicircle surface and the side surface of the quasi-elliptical cylinder in succession, making the longitudinal force stay high for a while after reaching the positive peaks. The longer lasting peak force may pose a threat to the safety of the cylinder because the structure safety not only depends on the magnitude of the force but also on the lasting time of the force. Thus, it should be carefully considered in the construction design of the quasi-elliptical cylinder.



Additionally, it is observed that as the incident angle increases, the absolute value of the positive and negative peak force presents an increasing trend in general. For the typical cases presented in Figure 9, when the incident angle α increases from 0° to 45°, the positive peak forces are increased by approximately 24.8% and 25.1% and the negative peak forces are increased by approximately 11.2% and 13.5%. As discussed previously, the wave force on the large cylinder is closely related to the fluid acceleration and the wave action area. With the incident angle increasing, the projected area perpendicular to the wave propagation direction increases. Thus, the value of the longitudinal peak forces increases.



The positive peak force Fx+ and negative peak force Fx− measured under the conditions of an obliquely incident wave are normalized with the corresponding peak force Fx0+ and negative peak force Fx0− under the conditions of a normally incident wave to clearly show the wave directionality effect on the peak forces. Figure 10 and Figure 11 show the ratio of Fx+/Fx0+ and the ratio of Fx−/Fx0− versus the sin value of the incident angle α, respectively. It is clearly seen from Figure 10 that the positive peak force almost linearly increases with the increase of the sin value of α. The projected area perpendicular to the wave propagation direction increases with the incident angle α, making more wave hits on the cylinder, and therefore, the positive peak force increases. The wave height seems to have little influence on the wave directionality effect. However, the wave directionality effect is enhanced when the incident wave has a smaller wave period. The relative increment of the positive peak force is more obvious for the cases with smaller wave periods. For the cases of T = 0.85, the coefficient positive peak force Fx+ under the condition of α = 45° even increases to 1.5 times the positive peak force Fx0+ under the condition of α = 0°. Therefore, when estimating the positive peak force on the quasi-elliptical model, the wave directionality effect should be taken into consideration.



From Figure 11, it is observed that the negative peak force Fx− slightly increases or decreases when the wave incident angle α increases from 0° to 15°. Its influence can be neglected. However, when the wave incident angle is larger than 15°, the negative peak force improves significantly with increasing wave incident angle α. Similar to the positive peak forces, the directionality effect on the negative peak forces is also more obvious for the cases with smaller wave periods. For the cases of T = 0.85 s, the negative peak force improves 40% when considering the incident angle α = 45°. Therefore, when estimating the negative peak force on the quasi-elliptical model, the wave directionality effect should be taken into consideration when the wave incident angle is larger than 15°.




3.3. Effect of Incident Wave Direction on Transversal Wave Force


Figure 12 presents the comparison of transversal wave forces for typical cases with the wave incident direction α = 0° and α = 45°. Figure 12a shows that when the wave transports along the direction parallel to the wave long axis (α = 0°), the wave induced transversal force vibrates around 0 with a small amplitude. For the presented two typical cases, the peak values of transversal force are 10~15% of the peak values of longitudinal force when α = 0°. However, when waves obliquely act on the quasi-elliptical cylinder, as the wave action area increases the transversal forces increase. For the cases of α= 45°, the peak values of transversal force reach 40% of longitudinal peak forces. The large transversal force induced by wave oblique action seriously influences the structural safety of such large quasi-elliptical cylinders and should be fully considered during structural design.



To further illustrate the wave directionality effect on the transversal peak forces, Figure 13 and Figure 14 display the ratio of Fy+/ Fy0+ and the ratio of Fy−/Fy0− versus the sin value of the incident angle α, respectively. In these figures, Fy+ and Fy− are the positive and negative peak forces in the transversal direction and Fy0+ and Fy0− are the positive and negative peak forces in the transversal direction under cases of α = 0°. It is seen that both the positive peak forces and negative peak forces are seriously influenced by the wave incident angle. Compared with the wave directionality effect on longitudinal peak forces, the wave directionality effect on the transversal peak forces is more obvious. For some extreme cases, when the wave incident angle increases from 0° to 45°, the value of Fy+/Fy0+ can reach 8.5 and the value of Fy−/Fy0− can reach 3.7. That means, with wave incident angle increases, the positive and negative peak forces in the transversal direction are obviously increased. Additionally, it is observed that the wave period has a great influence on the wave directionality effect. When the wave period decreases the wave directionality effect is enhanced, which is similar to the observation in longitudinal peak forces. Wave height also influences the wave directionality effect, but it does not present a clear trend.





4. Conclusions


An experimental investigation of extreme wave-induced forces on a large quasi-elliptical cylinder is presented. A series of extreme waves with various wave heights, wave periods, and wave incident directions are tested to investigate the wave parameter effect and wave directionality effect on the wave forces on the quasi-elliptical cylinder. Based on the experimental results, the following conclusions can be drawn:



(1) The longitudinal wave forces on the quasi-elliptical model are strongly correlated to wave height and wave period. The positive and negative peak forces in the longitudinal direction increase with wave height. Whereas they do not vary monotonically with increasing wave periods but show an increase followed by a decrease. Additionally, an increasing wave period makes the longitudinal forces stay at high values with a longer duration. It is unfavorable for the stability of the structure.



(2) The extreme wave-induced longitudinal negative peak forces on the quasi-elliptical cylinder are larger than the corresponding positive peak forces, nearly being 1.16~1.44 times the corresponding positive peak forces. Thus, the wave-induced negative peak force should be given considerable attention in the construction design of such large quasi-elliptical cylinders. In practical engineering, the longitudinal positive peak force on the quasi-elliptical cylinder can be roughly estimated by the theoretical solution of wave force on a circular cylinder (developed by MacCamy and Fuchs [18]). However, the method seriously underestimates the longitudinal negative peak forces on the quasi-elliptical cylinder especially when the relative scale of the cylinder has a small value (D/L < 0.3). To tackle this problem, inertia coefficient CM was fitted based on the experimental results. It can be used to roughly estimate the wave forces on such large quasi-elliptical cylinders for practical engineering applications.



(3) The longitudinal positive peak force almost linearly increases with the sin value of wave incident angle. When estimating the longitudinal positive peak force on the quasi-elliptical cylinder, the wave directionality effect should be taken into consideration. The directionality effect on the longitudinal negative peak force becomes insignificant for the conditions of a wave with an incident angle within 15°. If the wave incident angle is larger than 15°, the wave directionality effect should be considered. The wave directionality effect on both the longitudinal peak forces is enhanced when the wave period decreases.



(4) The transversal forces on the quasi-elliptical cylinder under the condition of α = 0° is small and can be neglected. With the increasing wave incident angle, the transversal force on the quasi-elliptical cylinder is increased. For the tested cases, when α = 45°, the transversal force reaches 40% of the longitudinal force. Therefore, the wave directionality effect on the transversal force should be fully considered in the construction design of such large quasi-elliptical cylinders.
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Figure 1. The testing facility: (a) the wave flume; (b) dimensions of the model; (c) photo of the test model. (unit: m). 
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Figure 2. Relationship between wave theories and test waves; the red marks denote the test waves. 
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Figure 3. Comparison of the water elevation between the measured data and the theoretical solutions for typical cases: (a) H = 0.06 m, (b) H = 0.07 m, (c) H = 0.07 m, (d) H = 0.08 m (d = 0.285 m, T = 0.9 s). 
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Figure 4. Time histories of longitudinal wave forces for typical cases of (a) T = 0.85 s, (b) T = 0.90 s, (c) T = 0.95 s, (d) T = 0.10 s, (e) T = 1.05 s, and (f) T = 1.10 s. 
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Figure 5. Process of wave interaction with the quasi-elliptical model at the moment of (a) diffraction wave generation, (b) diffraction wave and incident waves superimpose over one another, (c) the newly formed wave hits on the model and (d) the wave crest passes away. 
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Figure 6. The wave parameter effect on (a) positive longitudinal peak force (Fx+) and (b) negative longitudinal peak force (Fx−). 
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Figure 7. Comparison of the measured and predicted peak forces. 
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Figure 8. Regression analysis of the inertial coefficient. 
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Figure 9. Time histories of longitudinal wave forces for wave cases of T = 0.9 s, H = 0.06 m and 0.09 m with incident direction of (a) α = 0°, (b) α = 15°, (c) α = 30°, (d) α = 45°. 
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Figure 10. The wave directionality effect on the longitudinal positive peak force for the conditions of (a) T = 0.85 s, (b) T = 0.90 s, (c) T = 0.95 s, (d) T = 1.00 s, (e) T = 1.05 s, (f) T = 1.10 s. 
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Figure 11. The wave directionality effect on the longitudinal negative peak force for the conditions of (a) T = 0.85 s, (b) T = 0.90 s, (c) T = 0.95 s, (d) T = 1.00 s, (e) T = 1.05 s, (f) T = 1.10 s. 
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Figure 12. Time histories of transversal wave forces for wave cases of T = 0.9 s, H = 0.06 m and 0.09 m with incident direction of (a) α = 0° and (b) α = 45°. 
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Figure 13. The wave directionality effect on the transversal positive peak force for the conditions of (a) T = 0.85 s, (b) T = 0.90 s, (c) T = 0.95 s, (d) T = 1.00 s, (e) T = 1.05 s, (f) T = 1.10 s. 
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Figure 14. The wave directionality effect on the transversal negative peak force for the conditions of (a) T = 0.85 s, (b) T = 0.90 s, (c) T = 0.95 s, (d) T = 1.00 s, (e) T = 1.05 s, (f) T = 1.10 s. 
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Table 1. Testing wave parameters.
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	Wave Height H (m)
	Wave Period T (s)
	Wave Height H (m)
	Wave Period T (s)





	0.06
	0.85
	0.06
	1.00



	0.07
	0.85
	0.07
	1.00



	0.08
	0.85
	0.08
	1.00



	0.09
	0.85
	0.09
	1.00



	0.06
	0.90
	0.06
	1.05



	0.07
	0.90
	0.07
	1.05



	0.08
	0.90
	0.08
	1.05



	0.09
	0.90
	0.09
	1.05



	0.06
	0.95
	0.06
	1.10



	0.07
	0.95
	0.07
	1.10



	0.08
	0.95
	0.08
	1.10



	0.09
	0.95
	0.09
	1.10
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