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			Abstract

			Soil permeability is one of key factors in the prediction of the wave-induced seabed response, which will directly affect the design of foundation around marine installations. Most previous studies in the field treated the soil permeability as a constant, although it depends on numerous soil parameters. In this study, the soil permeability is considered as a function of pore water pressure, i.e., it varies in both spatial and time domains, as reported in the literature. With this new feature, the governing equation will become non-linear differential equations. Numerical examples demonstrate the significant influence of dynamic soil permeability on the wave-induced pore pressure and effective stresses.
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			Introduction

			In the past a few decades, considerable efforts have been devoted to the phenomenon of the wave-soil interactions. One of the major reasons is that the evaluation of the wave-induced soil response and its resultant seabed instability is particularly important for coastal geotechnical engineers involved in the design of foundation of the offshore installations [1,2]. Another reason is that the poro-elastic theories for wave-soil interaction have been applied to field measurements such as determination of the shear modulus of seabed and the directional spectra of ocean waves, as well as acoustic waves propagating through porous media. Based on Biot’s poro-elastic theory [3], several classic investigations for the wave-induced soil response have been carried out since the 1970s. Among these [4] proposed closed-form analytical solutions for the wave-induced oscillatory soil response in an isotropic, poro-elastic and infinite seabed. This model was further extended to three-dimensional cases by Hsu & Jeng [5] for various soil conditions. Another different approximation, so-called boundary layer approximation, was proposed by Mei & Foda [6], which provided simple formulations of the wave-induced soil response. This approximation can provide precise prediction of soil response in fine sand rather than coarse sand [7]. A detailed review of previous relevant research can be found by Jeng [8]. 

			All the aforementioned studies have treated the soil permeability as a constant in the entire soil layer. In fact, soil 

permeability has been reported to be a function of void ratio (e). Furthermore, pore-water pressure has been reported to bean other factor that affects to the soil permeability [9-11]. According to [4], the hydraulic conductivity was expressed as

			[image: ] (1)

			Table 1: Coefficient of permeability at full saturation (Ks), air-entry value [image: ] and desaturation coefficient (α) for some soils [5-7]. 

			
				
					
					
					
					
				
				
					
							
							Soil type

						
							
							Ks (m/s)

						
							
							[image: ]

						
							
							α (kPa-1)

						
					

					
							
							Clay

						
							
							10-10 -10-8

						
							
							20-39

						
							
							0.016 for Beit Netofa clay

						
					

					
							
							Silt

						
							
							10-10-10-6

						
							
							7-155

						
							
							0.043 for a silt loam

						
					

					
							
							Sand

						
							
							10-5-10-3

						
							
							1-3

						
							
							0.106 for a fine sand

						
					

					
							
							Gravel

						
							
							10-2-10-1

						
							
							Nil

						
							
							0.081 for Hpgiene sandstone

						
					

				
			

			Where Ks is coefficient of permeability at full saturation; α is de-saturation coefficient and Ψαε is air-entry value. For a fully saturated soil, α is set as zero. The values of these parameters for several soil types are listed in the following Table 1.

			In this paper, a new model for the wave-induced soil response in porous seabed with dynamic soil permeability will be established. Based on the new model, a parametric study will be conducted to examine the effects of dynamic soil permeability on the wave-induced soil response in a porous seabed [12].

			Theoretical Formulations

			[image: ]

			Considering a soil matrix with a finite thickness (h) in a sandy seabed under wave loading as depicted in Figure 1. The wave crests are assumed to propagate in the positive x-direction, while the z-direction is positive upward from the water-soil interface (termed as the seabed surface) for the problem of wave-soil interaction.

			Linear wave theory

			For 2D progressive wave, the linear wave theory [13,14] has been widely adopted in the wave induced soil response studies. A brief introduction and some key relationship equations are provided in this section. 

			For the first order wave theory, the velocity potential ϕ can be expressed as 

			[image: ] (2)

			Where H denotes wave height; g, d and t are the gravity acceleration, time and the water depth above the seabed surface, respectively; k is wave number (=2π/L, where L is wavelength); and ω the wave frequency =2π/T, where T is the wave period).

			The free surface is simultaneously transformed trigonometrically, the surface elevation η is 

			[image: ] (3)

			Based on the linear wave theory (3), the wavelength (L) can be determined by the wave dispersion relation, i.e.,

			[image: ] (4)

			The wave ω and wave number k frequency also satisfy the dispersion relation, i.e,

			[image: ] (5)

			Substituting (2) and (3) into the Bernoulli equation, the wave pressure pw at any point within the 2D wave propagation domain at any time can be expressed as

			[image: ] (6)

			Where γw is the unit weigh of the pore-water?

			Poro-elastic seabed model

			Based on conservation of mass, Biot’s consolidation model [1] has been commonly used as the governing equation for porous flow in a porous seabed, i.e.,

			[image: ] (7)

			Where K is soil permeability; is oscillatory pore-water pressures; γw denotes the unit weight of pore-water; n is soil porosity; and t is the time.

			In (7), the volume strain ε and compressibility of pore fluid β are defined as

			[image: ], and[image: ], (8)

			Substituting the expression of dynamic soil permeability, (1), into (7), the modified storage equation can be expressed as

			[image: ] (9)

			Where K is the water-pore pressure related dynamic soil permeability, α is the de-saturation coefficient. When considering constant soil permeability, the second term on the left-hand-side of (9) will vanish, then (9) will become the conventional consolidation equation with constant soil permeability (8). For the effective stress concept and Hooke’s law, based on conservation of momentum, the force balance equilibrium within the soil can be expressed as,

			[image: ] (10)
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			Where G is shear modulus of soil, which is related to Poisson’s ration µ and Young’s modulus (E), as G=E=2(1 + µ).

			Under the plane strain conditions, the relationship between stresses and soil displacements can be expressed as,

			[image: ] (12)
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			Where [image: ]and [image: ] are effective normal stresses in the x- and z-directions, respectively; and τxz is the shear stresses.

			Boundary conditions 

			For a homogeneous soil matrix, the wave-induced soil response to the exciting wave can be obtained subject to some appropriate boundary conditions at the rigid impermeable bottom and at the seabed surface. Firstly, zero displacement are assumed for the soil resting on an impermeable rigid bottom at a finite depth (h) below the water-soil interface, as shown in Figure 1, thus

			u=w=0, at z=-h (15)

			And no vertical flow occurs across the horizontal boundary,

			[image: ] (16)

			Secondly, the vertical normal stress and shear stress vanish on the seabed surface, i.e.,

			[image: ] (17)

			Thirdly, the pore-water pressure on the upper soil boundary is defined to equal the wave pressure at the seabed surface (z=0). Based on (6), the pore-water pressure at the top boundary can be expressed as

			[image: ], (18)

			Where p0 is the amplitude of dynamic wave pressures

			Finally, to solve the boundary value problem numerically, the computational domain is set as 3 times of wavelength in the horizontal direction. At the lateral boundary conditions, impermeable boundary conditions are set in both sides. As reported in (15), such a computation also main is sufficient for the concerned region at the middle of the computational domain. The wave-induced pore pressures and soil displacement can be obtaining by solving the governing equations, (9 and 10,11), with above appropriate boundary conditions first. Then, the effective normal stresses and shear stress can be obtained from (12-14).

			Results and Discussion

			The new contribution of this paper is to consider the dynamic soil permeability in the existing models for wave-seabed interactions. In this section, some preliminary results will be presented and focus on the effects of dynamic soil permeability versus constant permeability. For the following numerical example, basic wave and soil properties in North Sea are listed in (Table 2). With the same wave parameters settings, numerical modelling has been conducted for two types of sandy seabed with varied permeability coefficients (Ks) and the air-entry values Ψαε generally speaking; sand particles (range in diameter from 0.0625mm to 2mm) with smaller particle size and smaller void ratios may lead to lower permeable seabed environment. For our purpose of study, without the rigid definition of coarse and fine sand, the seabed with larger Ks(10-2m/s) and smaller Ψαε assumed to be a coarse-sand (CS) seabed; while the smaller Ks(10-4m/s) and larger Ψαε (3kPa) imply that the seabed is possibly formed with fine sand (FS). The rest of the seabed characteristics are assumed to be the same for both cases. 

			Table 2: Input data for numerical examples.

			
				
					
					
				
				
					
							
							Wave Characteristics

						
					

					
							
							Wave period (T) [sec]

						
							
							15

						
					

					
							
							Water depth (d) [m]

						
							
							70

						
					

					
							
							Wave height (H) [m]

						
							
							3

						
					

					
							
							Wavelength (L) [m]

						
							
							311.59

						
					

					
							
							density of water ([image: ] [kg/m3])

						
							
							1,030

						
					

					
							
							Seabed Characteristics

						
					

					
							
							Seabed thickness (h) [m]

						
							
							25

						
					

					
							
							Porosity (n) [-]

						
							
							0.4

						
					

					
							
							Poissons ratio (µ) [-]

						
							
							0.333

						
					

					
							
							Shear modulus (G) [N/m2]

						
							
							107

						
					

					
							
							Soil permeability (Ks) [m/sec]

						
							
							10-2(CS) and 10-4(FS)

						
					

					
							
							Degree of saturation (Sr) [-]

						
							
							0.932

						
					

					
							
							Parameter [[image: ]kPa]

						
							
							1 (CS) and 3 (FS)

						
					

					
							
							Parameter (α) [1/kPa]

						
							
							0.106

						
					

				
			

			CS=coarse sand; FS=fine sand

			Figure 2 illustrates the wave-induced pore-water pressures in both coarse-sand seabed and fine-sand seabed. In the figures, the results of the conventional models with constant soil permeability are also included as dashed lines, while the present models with dynamic soil permeability is presented in solid lines. Since the pore pressure varies with the time, the results are presented at different times intervals, t=T =0, 1/4, 1/2, 3/4 and 1. It can be found in Figure 2a that the difference between dynamic soil permeability and constant permeability is significant in coarse-sand seabed, compared with that in fine-sand seabed (Figure 2b). This implies that effects of dynamic soil permeability is more important in coarse sand (i.e., large soil permeability), because the dynamic pore pressure can be easier to transfer through coarse sand. It also observed from Figure 2 that dynamic soil permeability only affect the upper region of the seabed in fine sand.

			[image: ]

			In addition to the wave-induced pore-water pressures, effective normal stress is another key factor in the prediction of the wave-induced seabed instability. Figure 3 presents the vertical distributions of the wave-induced vertical effective normal stresses in both coarse-sand seabed and fine-sand seabed. As shown in the figures, it is obvious that the effective stress with dynamic soil permeability is significantly different from that with constant permeability in both coarse-sand seabed and find sand. Compared Figure 3 with Figure 2, the effects of dynamic soil permeability on the vertical effective normal stresses are similar to that for pore-water pressures.

			[image: ]

			Conclusion

			In this paper, a new concept of dynamic soil permeability was introduced into the conventional model for the wave-seabed interactions. This is the first model considers the soil permeability as a function of pore-water pressures in the field of marine geo techniques in the literature. Based on the numerical examples presented in this paper, it is found that dynamic soil permeability has more significant influence on pore-water pressure both in coarse-sand seabed and in fine-sand seabed, compared with that on effective normal stress. Furthermore, influence of dynamic soil permeability on stress field in coarse-sand seabed occurs more remarkably in the lower layer of the seabed, whereas the dynamic soil permeability affects fine-sand response in the upper layer more intensively. In this paper, only preliminary results are presented to examine the effects of dynamic soil permeability. This new model can be further adopted to other engineering problems with marine installations such as breakwaters, pipelines, platforms and offshore wind turbine foundation ,etc., in the future.
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Figure 3: Vertical distribution of wave-induced vertical effective normal stresses versus soil depth for various time interval in
coarse-sand seabed and fine-sand seabed at x=255m. Notation: solid lines=dynamic soil permeability; dashed lines=constant

soil permeability
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Figure 1: Sketch of the wave-seabed interactions.
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Figure 2: Vertical distribution of wave-induced pore-water pressures versus soil depth for various time intervals in coarse-
sand seabed and fine-sand seabed at x = 255m. Notation: solid lines=dynamic soil permeability; dashed lines=constant soil
permeability.
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