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Abstract

:

This study is aimed at numerically investigating the cnoidal wave-induced dynamics characteristics and the liquefaction process in a loosely deposited seabed floor in a shallow water environment. To achieve this goal, the integrated model FSSI-CAS 2D is taken as the computational platform, and the advanced soil model Pastor–Zienkiewicz Mark III is utilized to describe the complicated mechanical behavior of loose seabed soil. The computational results show that a significant lateral spreading and vertical subsidence could be observed in the loosely deposited seabed floor due to the gradual loss of soil skeleton stiffness caused by the accumulation of pore pressure. The accumulation of pore pressure in the loose seabed is not infinite but limited by the liquefaction resistance line. The seabed soil at some locations could be reached to the full liquefaction state, becoming a type of heavy fluid with great viscosity. Residual liquefaction is a progressive process that is initiated at the upper part of the seabed floor and then enlarges downward. For waves with great height in shallow water, the depth of the liquefaction zone will be greatly overestimated if the Stokes wave theory is used. This study can enhance the understanding of the characteristics of the liquefaction process in a loosely deposited seabed under coastal shallow water and provide a reference for engineering activities.
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1. Introduction


In the shallow water environment, offshore structures, such as breakwater, offshore turbines, and oil platforms, generally are directly constructed on the seabed foundation. However, there is an inescapable truth that the seabed soil layers newly deposited in the Quaternary are widely distributed in offshore areas. Under the application of cyclic loadings, such as ocean waves and seismic waves, these loose seabed soil layers are easily liquefied or softened under cyclic loading, such as ocean waves and seismic waves, which poses an enormous threat to the stability of offshore structures constructed on it. After a comprehensive analysis of the failure reasons for some typical breakwater projects that occurred since the 1930s, Oumeraci (1994) [1] pointed out that the ocean wave-induced liquefaction in seabed foundations is one of the factors causing the failure of offshore breakwaters. Cavallaro et al. (2018) [2] and Idriss et al. (2004) [3] investigated the liquefaction phenomena on seismic waves by laboratory tests and numerical simulations of saturated cohesive soils. Therefore, it has important research significance in science and engineering to study the dynamic characteristics and the liquefaction process of a loosely deposited seabed floor under the loading of extreme waves in a shallow water environment.



About the ocean wave-induced dynamics of a seabed floor, there have been a great number of works done previously. Before 2000, analytical derivation was the main research method. According to Biot’s consolidation theory, a series of analytical solutions are proposed, in which the seabed can be finite [4,5] or infinite [6,7] in depth; the seabed can also be isotropic or anisotropic. After 2000, the analytical derivation was further developed. Some new analytical solutions were proposed either considering the stratification of the seabed or adopting the ‘u-p’ form/‘u-w’ form of Biot’s equation as the governing equation; a detailed brief review can be found in Yang and Ye (2017) [8]. However, these analytical solutions are only applicable to the very dense seabed soil, which can be described by the poroelastic soil model.



For loosely deposited seabed soil, a poro-elastoplastic soil model must be utilized. As a result, numerical modeling would be the only reliable way to study the dynamics. On this aspect, typical works were conducted by Oka (1994) [9] and Dunn et al. (2006) [10] before 2010. Several works have been conducted in the past decade. Liao et al. (2015) [11] and Xu and Dong (2011) [12] numerically studied the accumulation of pore pressure in a loose seabed floor by extending Sassa’s model [13] from 1D to 2D under the action of a random wave. Recently, Yang and Ye (2017, 2018) [8,14] comprehensively studied the dynamics of a loose seabed floor as well as the progressive liquefaction process by utilizing the integrated model FSSI-CAS 2D. However, the Stokes wave theory is used in their works. Actually, the Stokes wave theory is not applicable in offshore shallow water. The cnoidal wave should be used.



On the aspect of cnoidal wave-induced dynamics of the seabed floor, there are also a few works available in the recent decade. For example, Zhou et al. (2014) [15] numerically investigated the dynamics of a dense seabed floor under the action of the cnoidal wave, taking a COMSOL-based numerical model. Xu et al. (2013) [16] and Hsu et al. (2019, 2021) [17,18] analytically investigated the cnoidal wave-induced dynamics of the dense seabed and the momentary liquefaction. However, the above studies are all limited to the poroelastic soil model, which is only applicable to very dense seabed soil. Currently, there is still a lack of research work on the cnoidal wave-induced dynamics of a loosely deposited seabed floor and on the residual liquefaction in it in a shallow water environment.



In this study, the integrated numerical model FSSI-CAS 2D is used as the calculation platform to comprehensively study the dynamic characteristics and progressive process of the residual liquefaction of the loose seabed under the action of cnoidal waves in a shallow water environment. At the same time, this study improves the understanding and knowledge of its liquefaction process and provides valuable references for academic and practical communities.




2. Numerical Model and Constitutive Model


In this study, the integrated numerical model FSSI-CAS 2D developed by Ye et al. (2013) [19] and Jeng et al. (2013) [20] is utilized as the computational platform. FSSI-CAS 2D is an integrated numerical model especially for the problem of fluid–structure–seabed interaction (FSSI) in the field of offshore geotechnics, in which the VARANS equation is used to govern the hydrodynamics of seabed water, and the Biot ‘u-p’ equation is used to govern the dynamics of an offshore structure and its seabed foundation under external dynamic loading. A one-way coupling algorithm based on the time unmatched and mesh unmatched conception was first proposed by Ye et al. (2013) [19] and Jeng et al. (2013) [20] to integrate the VARANS equation and the Biot ‘u-p’ equation, finally forming the model FSSI-CAS 2D. The validation of FSSI-CAS 2D for the FSSI problem has been widely verified by taking analytical solutions, a series of laboratory wave flume tests, and centrifuge geotechnical tests (for detailed information, please see Ye et al. (2013)) [19]. This integrated model also has been successfully utilized to investigate the interaction between the offshore breakwater and various ocean waves, such as regular waves, breaking waves, and tsunami waves. Furthermore, FSSI-CAS 2D has been further extended to study the seismic dynamics and failure process of offshore breakwater built on a loosely deposited seabed foundation (see Ye and Wang (2015)) [21]. Overall, FSSI-CAS 2D is an excellent computational platform for FSSI problems in the field of offshore geotechnics.



It has been widely recognized that the poroelastic soil model can be only applicable when the seabed soil is in a very dense state. For loose seabed soil, elastoplastic soil constitutive models must be used due to its complicated and nonlinear mechanical behavior. In this study, the soil model Pastor–Zienkiewicz Mark III (PZIII) is utilized to describe the nonlinear behavior of the loosely deposited seabed under the action of the cnoidal wave. PZIII is already available in FSSI-CAS 2D, which was first incorporated into the numerical model by Chan (1988) [22]. PZIII was established by Zienkiewicz and Mroz (1984) [23] based on the generalized plasticity theory, where there is no need to explicitly give the specific form of the functions describing the yield surface f and the plastic potential surface g in stress space. The unit normal vector of the yield and plastic potential surfaces in the p–q coordinates and the plastic modulus A are directly and explicitly given out. According to the plasticity theory, the elastoplastic matrix Dep can be formulated as


   D  e p   =  D e  −    D e  ·  n g  ·  n f T  ·  D e    A +  n f T  ·  D e  ·  n g     



(1)




where De is the 6 × 6 elastic matrix, relating to elastic parameters of soil.    n g  =   ∂ g   ∂  σ  i j       and    n f  =   ∂ f   ∂  σ  i j       are the unit normal vector of the yield and plastic potential surfaces in stress space. A is the plastic modulus. In PZIII,    n g    and    n f    are directly given out in p–q coordinates as


    n g  =  (         d g      1 +  d g 2             1    1 +  d g 2           )  ,      n f  =  (         d f      1 +  d f 2             1    1 +  d f 2           )    



(2)




in which    d g  =  (  1 +  α g   )   (   M g  − η  )   , and    d f  =  (  1 +  α f   )   (   M f  − η  )   .    M g    is the slope of the critical state line (CSL), and  η  = q/p is the stress ratio.    α g   ,    α f   ,    M f    are parameters characterizing the deformation of soil. Among them,    M f    is closely related to the density and    M g   . It is suggested that    M f   /    M g  =  D r   , where    D r    is the relative density of soil.



In a traditional plastic theory, the plastic modulus A of soil must be determined according to the following equation:


  A = −   ∂ f   ∂ K   ·    (    ∂ K   ∂  ϵ p     )   T  ·  (    ∂ g   ∂  σ  i j      )   



(3)




where K is the hardening parameter, and    ϵ p  =    (   ϵ v p  ,      ϵ s p   )   T    is the plastic strain of soil. The precondition for determining the value of A is that the formulations describing how the yield surface f varies with the hardening parameter K and how the hardening parameter K develops with the plastic strain    ϵ p    must be known. Actually, it is very difficult to know the above two relationships. However, this problem is solved from a completely different perspective in the generalized plasticity theory. The formulation of the plastic modulus H is directly given out in PZIII based on the recognition of the soil deformation obtained through a series of laboratory tests:


   H L  =  H 0  p    (  1 −   q / p    η f     )   4   [  1 −   q / p    M g    +  β 0   β 1  e x p  (  −  β 0  ξ  )   ]     (     χ  m a x    χ   )     γ  D M      



(4)






   H u  =  {       H  u 0      (     M g     η u     )     γ u      for    (     M g     η u     )  > 1          H  u 0     for    (     M g     η u     )  ≤ 1        



(5)




in which    η f  =  (  1 +  1   α f     )   M f   ,   χ = p ·    {  1 −  (    1 +  α f     α f     )   η   M f     }    1 /  α f     , and   ξ =   ∫        (  d  ϵ v p   )   2  +    (  d  ϵ s p   )   2     .    β 0   ,    β 1   ,    γ u   , and    γ  D M     are four parameters.    H 0    is the initial plastic modulus at loading,    H  u 0     is the initial plastic modulus at unloading.    η u    is the stress ratio when unloading. PZIII is an excellent constitutive model for describing the behaviors of clay and sandy soils. Its reliability was validated based on a series of laboratory tests involving monotonic and cyclic loading [24]. This model is one of the heritages of Olek Zienkiewicz [25].




3. Boundary Conditions and Hydrodynamic Loading


The length and thickness of the seabed floor used in the computation are 200 and 30 m, respectively, as illustrated in Figure 1. In total, 12,190 four-node elements are utilized to discretize the computation domain. The maximum size of the elements is 0.87 m horizontally and 0.6 m vertically. At the bottom of the seabed floor, the horizontal and vertical displacements are all fixed as 0, and only the horizontal displacement is fixed along the two lateral sides of the computational domain. On the surface of the seabed floor, the hydrodynamic loading and the hydrostatic pressure are jointly applied. However, it is worthy to note that the effective stresses on the surface of the seabed floor must always be kept zero all the time in the computation.



According to Isobe and Kraus (1983) [26], the profile of the cnoidal wave is expressed as


  η = d + H  [   1   m 2    − 1 −   E  ( m )     m 2  K  ( m )     ]  + H c  n 2   [  2 K  ( m )  ⋅  (   x L  −  t T   )   ]   



(6)




where d is the water depth, H is the wave height, and T is the wave period. cn(∙) is the Jacobi elliptic function. m ∈ (0, 1) is the modulus of the cnoidal wave. K(m) and E(m) are the complete ellipse integral of the first kind and the second kind, respectively:


  K  ( m )  =   ∫  0  π / 2    1    1 −  m 2  s i  n 2  φ     d φ  



(7)






  E  ( m )  =   ∫  0  π / 2     1 −  m 2  s i  n 2  φ     d φ  



(8)







L is the length of the cnoidal wave, formulated as


  L = m K  ( m )      16  d 3    3 H      



(9)







The cnoidal wave-induced hydrodynamic loading on the surface of the seabed floor is expressed as


  p =  ρ f  g d +  ρ f  g H  {   [   1   m 2    − 1 −   E  ( m )     m 2  K  ( m )     ]  + c  n 2   [  2 K  ( m )  ⋅  (   x L  −  t T   )   ]   }   



(10)




where    ρ f    is the density of seawater and g is the gravity. It has been well known that when the Ursell parameter U =   H  L 2  /  d 3    > 25, the hydrodynamic loading determined by cnoidal wave theory will be much more accurate than that by Stokes wave theory [27].



In fact, it is inconvenient for us to compute the complete ellipse integral of the first kind and second kind K(m) and E(m), as formulated in Equations (7) and (8). To solve this problem, Abramowitz and Stegun [28] proposed the following formulations containing an infinite series to approach the real value of K(m) and E(m).


  K  ( m )  =  π 2  +  π 2    ∑   n = 1  ∞     [   1   2  2 n − 1        (  2 n − 1  )  !    (  n − 1  )  ! n !    ]   2  ×  m n   



(11)






  E  ( m )  =  π 2  −  π 2    ∑   n = 1  ∞   [   1  2 n − 1    ]     [   1   2  2 n − 1        (  2 n − 1  )  !    (  n − 1  )  ! n !    ]   2  ×  m n   



(12)







Since it is also not easy to get the value of the Jacobi elliptic function   c  n 2   [  2 K  ( m )   (   x L  −  t T   )   ]    in Equation (10), Isaacson (1977) [29] proposed the following Fourier series approximation to reliably estimate the value of   c  n 2   [  2 K  ( m )   (   x L  −  t T   )   ]   .


  c  n 2   [  2 K  ( m )   (   x L  −  t T   )   ]  = 1 +     E  ( m )    K  ( m )    − 1  m  +   ∑   j = 1  N   A j  cos [ j  π  K  ( m )    2 K  ( m )   (   x L  −  t T   )  ]  



(13)






   A j  =   j  π 2    m  K 2   ( m )  × sin h [   j π K  (  1 − m  )    K  ( m )    ]    



(14)







It is found that the modulus of the cnoidal wave m ∈ (0, 1) is the key parameter determining the waveform of the wave-induced pressure applied on the surface of the seabed floor. This effect is clearly illustrated in Figure 2. It is observed that the waveforms of the cnoidal wave-induced hydrodynamic loading on the surface of the seabed floor are highly dependent on the value of m. When m ≤ 0.1, it is a little approach to the linear Stokes wave. When 1 > m > 0.9, the nonlinearity is very significant. In this study, m = 0.99 is used in the computation.




4. Result Analysis


The model parameters of the loosely deposited seabed soil for the PZIII model used in the computation are listed in Table 1. These values were calibrated by Zienkiewicz et al. (1999) [24] for Nevada sand when attending the VELACS project based on a series of laboratory triaxial tests. Their reliability in describing the mechanical behavior of loose sandy soil is acceptable. The initial void ratio e0 and saturation Sr are set as 0.68 and 98%, respectively. Correspondingly, the initial permeability k0 is set as   1.0 ×   10   − 5     m/s. The parameters of the cnoidal wave are: H = 4.0 m, d = 8.0 m, and T = 8.0 s.



Before the cnoidal wave application, there are two initial fields of effective stresses and pore pressure in the loosely deposited seabed floor. The two initial state fields must be taken as the initial conditions for the subsequent dynamic analysis. Therefore, the two initial fields need to be numerically determined first before applying the cnoidal wave. Because there have been some previous works about the determination of the initial state of the seabed foundation (please see Yang and Ye (2018) [14]; Zhang et al. (2019) [30]), the analysis about the distribution of the initial effective stresses and pore pressure in a loose seabed floor is not presented anymore in this study.



4.1. Displacement


The cnoidal wave-induced displacement and the variation of the void ratio in the seabed floor at a typical position (x = 100 m, z = 28.32 m) are shown in Figure 3. It is observed that there is a significant horizontal lateral spreading to the right side and significant vertical subsidence occurring in the seabed floor under the continuous action of the cnoidal wave. At t = 500 s, the residual horizontal lateral spreading reaches up 45 cm, and the residual subsidence reaches up to about 7 cm (note: the initial subsidence under gravity at 5.5 cm was excluded). This significant lateral spreading is a type of the resultant phenomenon of the liquefaction or softening, which has occurred in the seabed floor caused by the pore pressure build-up. It is also interesting to find that the displacement amplitude horizontally is much less than that vertically.



The time history of the vertical displacement indicates that the loose seabed soil is continuously subsiding under the cnoidal wave continuous loading. In the meantime, the oscillatory amplitude becomes greater and greater. The phenomenon indicates that the stiffness of the soil skeleton is lost due to the reduction of effective stress between soil particles. This phenomenon is also a result of the liquefaction or softening of the seabed.



The increasing residual subsidence of seabed soil is attributed to the process where some pore water is gradually drained out through the surface of the seabed floor driven by the upward pressure gradient in the seabed floor. It has been well known that the pore pressure will be accumulated in loosely deposited seabed floors under ocean wave loading. Meanwhile, the water pressure applied on the surface of the seabed floor does not accumulate. As a consequence, an upward pore pressure gradient is formed in the upper seabed floor. The pore water in the seabed floor will be drained out, driven by this upward pore pressure gradient. Once some pore water is drained out, the space previously occupied by this pore water will be occupied by the surrounding soil particles, leading to the reduction of the void ratio of soil, as illustrated in Figure 3. Overall, there are four types of simultaneous processes in the loosely deposited seabed floor under wave loading in total: (1) process of pore pressure buildup, (2) process of effective stress reduction, (3) process of pore water drained out, and (4) process of void ratio reduction. This mechanism is the reason why there are dense sand soils in nature. Dense sand could be evolved from loose sand in nature under dynamic loadings, such as ocean waves and seismic waves.




4.2. Effective Stress and Pore Pressure


The time histories of the effective stresses at three typical buried depths on the symmetrical line x = 100 m are demonstrated in Figure 4. It is observed that the pore pressure at the three typical buried depths all builds up under the cnoidal wave loading. In the upper seabed floor, the residual component of pore pressure can reach a stable status (meaning that the residual pore pressure cannot accumulate anymore) within a relatively short period. In the medium depth of the seabed floor, it is about 300 s for the residual pore pressure to reach its stable status. In the lower seabed floor, it is found that the residual pore pressure does not reach its stable status until the end of the computation (t = 500 s). It is indicated that the time for the residual pore pressure to reach its stable status is positively related to the buried depth. Another phenomenon observed is that the magnitude of the accumulated residual pore pressure in the medium depth of the seabed floor is much greater than that in the upper and lower seabed floor. It can be attributed to the fact that (1) the drainage path is relatively short and the initial effective stresses are relatively small in the upper seabed floor, and (2) the cnoidal wave-induced cyclic shear stress is not significant in the lower seabed floor. Finally, we find that the amplitude of the oscillatory component of the pore pressure is also positively related to the buried depth.



In Figure 4, it can also be observed that the mean effective stress I1/3 in the upper seabed floor gradually reduces, accompanying the accumulation of pore pressure. When |I1/3| is less than a small critical value, the seabed soil will become partially liquefied first, and then sequentially become fully liquefied at the moment when |I1/3| = 0. In the reduction process of the effective stress, the amplitude of the cnoidal wave-induced shear stress gradually becomes less and less. Finally, it becomes zero when the seabed soil becomes fully liquefied. It means that the fully liquefied seabed soil behaves like a kind of heavy fluid with great viscosity. It cannot bear any external shear loading due to the complete loss of the stiffness of the soil skeleton. The successful capture of this physical phenomenon indicates that the integrated model FSSI-CAS 2D is powerful to handle the problem of seabed dynamics. Currently, a lot of commercial software/packages do not have this capability.



In the medium part of the seabed floor, although the residual pore pressure has built up to more than 100 kPa, the mean effective stress has never reached zero. The full liquefaction cannot occur. Partial liquefaction is possible depending on the judgment criterion chosen. In the lower seabed floor, the pore pressure is only slightly accumulated under the wave loading. However, the magnitude of |I1/3| is around 190 kPa, far away from the status of partial liquefaction. Most importantly, it is found that the magnitude of effective stress is not always reduced in the accumulation process of pore pressure. It can also be increased, accompanying the pore pressure buildup. It is indicated by this phenomenon that the cnoidal wave-induced dynamics of a loose seabed floor is apparently complicated. We cannot understand these dynamics mechanisms, adopting a linear way of thinking.



The distributions of the cnoidal wave-induced dynamic pore pressure and I1/3 at two typical moments are illustrated in Figure 5. It is clearly observed that the accumulation of the residual pore pressure in the range of z = 15 to 23 m is significantly greater than that in the other parts. The reason is presented above. Correspondingly, the reduction of |I1/3| in the range of z = 15 to 23 m is also most obvious. It is also found that the distribution of the dynamic pore pressure and I1/3 is not completely layered in the seabed floor. There are some wavy distributions in them.




4.3. Stress Path


The stress paths induced by the cnoidal wave at a series of buried depths along the symmetrical line x = 100 m are illustrated in Figure 6. It is observed that the initial positions of stress state in the p–q coordinates at all buried depths are all located on the K0 line, whose slope is much less than the slope of the critical state line (CSL). Under the continuous action of the cnoidal wave, the positions of stress state at all buried depths gradually move toward the zero point (fully liquefied status) in the p–q coordinates, accompanying the accumulation of pore pressure. Finally, the stress state at some buried depths (mainly located in the upper seabed floor) reaches or approaches the zero point, while they are far away from the zero point at the buried depths located in the lower seabed floor. It is indicated that only the seabed soil in the upper floor could become partially or fully liquefied.




4.4. Stress–Strain Relationship


The relationship between the deviatoric stress q and deviatoric strain εs and volumetric strain εv at three typical buried depths is demonstrated in Figure 7. It is observed that the amplitude of q is gradually reduced, accompanying the increase in εs in the upper seabed floor. Once q becomes zero, it means that the seabed soil at this position becomes fully liquefied. After the occurrence of full liquefaction, the deviatoric strain still significantly develops under the cnoidal wave loading. As illustrated in Figure 7, εs reaches up to 25% at the typical position (x = 100 m, z = 28.32 m) when the computation is finished. It is indicated that large deformation occurs in the upper seabed floor due to the wave-induced partial or full liquefaction. In the medium seabed floor, the magnitude of εs is only at the order O (1%). However, the wave-induced deviatoric strain could basically be ignored in the lower seabed floor. Relative to εs, the volumetric strain εv is much less in the upper and medium seabed floors. Overall, it is indicated in Figure 7 that the stress–strain relationship in the loosely deposited seabed floor is highly nonlinear and complicated under the action of the cnoidal wave.




4.5. Residual Liquefaction


There are two types of liquefaction mechanisms: momentary liquefaction and residual liquefaction. Momentary liquefaction can only occur in very dense seabed floors beneath wave troughs. Residual liquefaction generally occurs in loosely deposited seabed floors under cyclic loadings, such as wave loading and seismic loading. The occurrence of residual liquefaction is a fatal factor for the stability of offshore structures built on a loose seabed foundation. In this section, the characteristics of residual liquefaction and its process are both analyzed in the loose seabed floor.



The following stress-based criterion proposed by Yang and Ye (2018) [14] is adopted to judge the occurrence of residual liquefaction:


   L  p o t e n t i a l   =      (   I 1   )   d    −    (   I 1   )   0  + α C   =      (   I 1   )   d     L r    ≥  α r   



(15)




where    L  p o t e n t i a l     is called liquefaction potential.      (   I 1   )   d  =  I 1  −    (   I 1   )   0    is the cnoidal wave-induced dynamic mean effective stress,    I 1    is the current mean effective stress, and      (   I 1   )   0      is the initial mean effective stress. C is the cohesion of soil, and α is a material parameter.    L r  = −    (   I 1   )   0  + α C   is actually the term characterizing the liquefaction resistance of soil, in which the contribution of the cohesion of soil to enhance the resistance ability against liquefaction is considered. In this study, the seabed floor is set as cohesiveness sand soil, leading to C = 0 kPa.    α r  ∈  [  0 ,   1  ]      is a critical value to judge whether residual liquefaction has occurred or not, whose value is dependent on the properties of soil. Wu (2004) [31] suggested that    α r    is in the range of 0.78–0.99. For Nevada sand related to the model parameters listed in Table 1,    α r    = 0.86 was proposed by Ye et al. (2015) [32].



The distributions of Lpotential along x = 100 m at four typical times are illustrated in Figure 8. It is observed that the liquefaction potential along x = 100 m is gradually increased over time under the action of the cnoidal wave. If    α r    = 0.86 is taken as the critical value for the occurrence of residual liquefaction, then we can find that the liquefaction depth is gradually increased from the upper part into the medium part of the seabed floor. At t = 500 s, the final depth of the liquefaction zone is about 14 m. In the lower seabed floor, there is no residual liquefaction occurring. This phenomenon can be more clearly observed in Figure 9. It is shown in Figure 9 that the liquefaction zone is gradually enlarging from the upper to the medium part of the seabed floor in the process of wave application. Finally, the frontier of the residual liquefaction zone reaches the position z = 16 m, indicating that the thickness of the liquefaction zone is 14 m.



The above analysis has more or less implied that the residual liquefaction first occurs in the upper part, and then gradually transmits toward the lower part of the seabed floor. Figure 10 exactly proves this progressive process. It is observed that the residual liquefaction first occurs at the seabed surface, and then the liquefaction zone gradually enlarges toward the bottom of the seabed floor. Finally, the frontier of the liquefaction zone reaches z = 16 m.



Residual pore pressure is the direct driven factor for the residual liquefaction. Its distribution characteristics along x = 100 m at different times are demonstrated in Figure 11, where the distribution characteristics of the oscillatory pore pressure are also presented. It is observed that the residual pore pressure along the seabed depth is gradually increasing with time. However, the growth is not infinite but controlled by the line of liquefaction resistance    L r  = −    (   I 1   )   0  + α C  . It means that the residual pore pressure cannot be greater than    L r    at any time and any buried depth. An interesting phenomenon in the pore pressure oscillation distribution is that there has always been an inflection point in the vertical distribution. The vertical position of the inflection point is different with time. Compared with the position of the liquefaction zone frontier, it is found that the positions of these inflection points on the vertical distributions of the oscillatory pore pressure are basically the same as the positions of the liquefaction zone frontier at the same times. This mechanism could be taken as another evidence for the judgment of the occurrence of residual liquefaction.




4.6. Parametric Study


The effects of the permeability and saturation of seabed soil, as well as the wave types on the progressive liquefaction process are demonstrated in Figure 12. It is found that the permeability and saturation of seabed soil both have a significant effect on the liquefaction process and the final liquefaction depth. The final liquefaction depth in the loose seabed floor is negatively related to the soil permeability and positively related to the saturation of seabed soil. If the third-order Stokes wave theory is utilized to formulate the hydrodynamic loading on the surface of the seabed floor, the progressive liquefaction process in the loose seabed floor is also illustrated in Figure 12. It is found that the final depth of the liquefaction zone is greatly overestimated if the third-order Stokes wave theory is utilized. It reminds us that a nonlinear cnoidal wave theory must be adopted for the waves with great height in shallow water. Otherwise, the predicted results will not be reliable.





5. Conclusions


This study comprehensively studied the loose seabed of both the dynamic characteristics and the residual liquefaction process under a cnoidal wave loading. The integrated numerical model FSSI-CAS 2D is utilized as the computation platform, and the Pastor–Zienkiewicz Mark III soil constitutive model is adopted to describe the complicated nonlinear mechanical behaviors of the loose seabed soil. Based on our numerical analysis, the following recognitions are obtained:




	(1)

	
Due to the accumulation of pore pressure leading to the gradual loss of the stiffness of the soil skeleton, significant lateral expansion and vertical settlement can be observed on the loosely deposited seabed.




	(2)

	
The accumulation of pore pressure in the loose seabed is not infinite but limited by the liquefaction resistance line Lr at any time and any buried depth. The effective stress in some zones in the upper seabed floor could be reduced completely to zero, becoming fully liquefied. At this moment, the wave-induced shear stress becomes zero. The fully liquefied seabed soil behaves like a type of heavy fluid with great viscosity, which cannot transmit any shear wave. The successful capture of this physical phenomenon shows that FSSI-CAS 2D is powerful in dealing with the problems of seabed dynamics. Overall, the wave-induced variation of pore pressure and effective stress in the loose seabed is highly complicated. We cannot understand them by a linear way of thinking.




	(3)

	
The residual liquefaction first occurs at the surface of the loose seabed floor, and then gradually enlarges downward. The frontier of the liquefaction zone will eventually reach a stable depth; for example, the stable depth of the liquefaction zone is z = 16 m in the case involved in this study. Furthermore, the depth of the liquefaction zone is negatively related to the soil permeability and positively related to the saturation of seabed soil. Finally, we must keep in mind that the nonlinear cnoidal wave theory must be adopted for the waves with great height in shallow water. It will give out much more accurate and reliable results of the hydrodynamic loading on the surface of the seabed floor.




	(4)

	
There are still some factors that are not considered in the present study. Specifically, the rotation of the principal stress on the dynamic characteristics of the seabed under wave loading is not considered. This problem will be studied in the future.
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Figure 1. Diagram of the computational domain for the seabed floor. 
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Figure 2. Waveforms of the cnoidal wave-induced hydrodynamic loading on the surface of a seabed floor with different values of m (note: hydrostatic pressure is included, and L is the wavelength). 
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Figure 3. Time history of the displacement and void ratio of the seabed at x = 100 m, z = 28.32 m. It is shown that the loose seabed soil has a significant lateral spreading, as well as a vertical residual subsidence and an oscillatory vibration driven by the cnoidal wave (note: x = 100 m is the symmetrical line of the seabed floor). 
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Figure 4. Time histories of the pore pressure, mean effective stress I1/3, and shear stress at three typical buried depths (note: compression is taken as negative). 
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Figure 5. Distributions of dynamic pore pressure and mean effective stress at time t/T = 25 and t/T = 50. 
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Figure 6. Cnoidal wave-induced stress paths at a series of buried depths on x = 100 m. 
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Figure 7. Stress–strain relationship at three typical buried depths on x = 100 m. 
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Figure 8. Vertical distribution of the liquefaction potential Lpotential at typical times t/T = 10, 12.5, 37.5, and 62.5. 
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Figure 9. Cnoidal wave-induced residual liquefaction zone in loose seabed floor at typical time t/T = 10, 25, 50, and 62.5. 
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Figure 10. Position of the frontier of the residual liquefaction zone on x = 100 m, presenting that the liquefaction in loose seabed floor is a progressive process. 
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Figure 11. Vertical distribution of cnoidal wave-induced residual pore pressure and oscillatory pore pressure on x = 100 m. 
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Figure 12. Effect of soil properties and wave type on the progressive liquefaction process in loose seabed floor (H = 4.0 m, d = 8.0 m, T = 8.0 s). 
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Table 1. Model parameters of the loose seabed soil for PZIII in analysis.
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	Parameter
	Nevada Dense Sand
	Unit





	Kevo
	2000
	(kPa)



	Geso
	2600
	(kPa)



	P’0
	4
	(kPa)



	Mg
	1.32
	



	Mf
	1.3
	



	αf
	0.45
	



	αg
	0.45
	



	β0
	4.2
	



	β1
	0.2
	



	H0
	750
	



	HU0
	40,000
	(kPa)



	γu
	2.0
	



	γDM
	4.0
	
















	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2021 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file8.jpg





media/file13.png
Deviatoric Stress (kPa)

Deviatoric Stress (kPa)

6 10 1.5 :
x=100m, z=2.36m
4 ~ ’a
) |
Z s d
2 Fully liquefied o @
S £0.5
= w
0 2N} )
& 5 0
o -
2 k= 2
> 5]
o -5 a
4 a 0.5
p x=100m, z=28.32m x=100m, z=18.88m 1
o . - -10 " " 2 - - -
0 10 20 30 23 K] «] 0 1 2 -2 0 2 4
Deviatoric Strain (%) Deviatoric Strain (%) Deviatoric Strain (%) x 10
6 v v v 10 1.5 . .
x=100m, z=28.32m x=100m, z=2.36m
4 - =
) 1
B S =}
2 Fully liquefied 2 - Ml l
= B =
Yot 7]
n
: 3 £
= 20
) 8=
2 k] =
Z .5 53
R 0.5
4 a =0.
x=100m, z=18.88m

-6 S -10 -1 : - ;
0.5 -04 -03 -02 -0.1 O 0.1 -0.7 -0.6 -0.4 -0.2 0 0.1 -0.04 -0.03 -0.02 -0.01 0
Volumetric Strain (%) Volumetric Strain (%) Volumetric Strain (%)





media/file12.jpg
10,

8 [Toom, 7236w
- H
& & &
b — O
Deviatoric Strain %) Devistorc Sain (%) ‘Deviatoric Srain (%) 10

100m, 72533 BT

Fuly i

Deviatoric Stress (kPa)

g
Devistoic Stess (kPs)

xe100m, 715 85|

B o) i
%5 03 03 02 o1 0 o1 070e o5 02 o1 o oo o; o0 o
‘Volumetric Strain (%) ‘Volumetric Sirin (%) Volumetric Strain (%)





media/file18.jpg
Z (m)

30

25

20

15

x=100m

Progressive liquefaction
process of loose seabed soil

Position of froniter
of liquefaction zone

0

10 20 30 40 50 60 70 80
Number of cycle N=t/T





media/file9.png
Z (m)

Z (m

Dynamic Pore Pressure t=200s Unit :Il%l(?)a

30p
100
70
140
10
5 t-j 10
0Ff .20
50 75 100 125 150
X (m)
20 Dynamic Mean Effective Stress t=200s Enit :\‘l(\‘)Pu
25 60
40
15 '
1 20
10
5 0
0" E -20
50 75 100 125 150
X (m)

Z (m)

Dynamic Pore Pressure t=400s Unit : kPa
o,

0p
25
20
15
10
5
0 —20
50 75 100 125 150
X (m)
30 Dynamic Mean Effective Stress t=400s Unit :\}\&)Pa
YU | o ¢
60
40
20
5 0
0
50 f 100 125

X (m)





media/file14.jpg
T
x=100m !
I
1

t/T=62.5
t/T=37.5

ur=0.86—>

0 02 04 06 08 1

Liquefaction potential L .
potential





media/file20.jpg
x=100m

Liquefaction
process - liquefied depth

liquefied depth
iqueficd depth

iquefied
depth

x=100m

0 100 200 300 0 5 10 15 2
Residual Pore Pressure (kPa) Oscillatory pore pressure (kPa)






media/file23.png
Z (m)

30;; "
x=100m
25 7
k=1x10"m/s
k=1x10""m/s
20} /
k=1x10"m/s
Wave hight=4m
15 - : -
0 20 40 60 80

Number of cycle N=t/T

Z (m)

305

25T

20t

x=100m
Sr=90%
Sr=95%
Sr=98%
Wave hight=4m
0 20 40 60 80

Number of cycle N=t/T

281
26}
24|
2}

220}

~ 181
16
141
12t
10}

Cnoidal Wave

Third-order
Stokes wave

Wave hight=4m x=100m |

8 1 1 L
0 20 40 60
Number of cycle N=t/T

80





media/file5.png
Displacement X (cm)

Lh
=

L
<

ad
=

kD
=

[a—
=

x=100m, z=28.32m

100

200 300 400 500
Time (s)

Displacement Z (cm)

x=100m, z=28.32m

0 100

200 300 400 500
Time (s)

0.682

0.68

S
o
2
%

Void Ratio e

0.676 ¢

|

fil

““M““““““H |

l“l Ill

|
HHHMIH

Residual Line

x=100m, z=28.32m

100 200 300

Time (s)

400

500





media/file15.png
t/T=62.5
t/T=37.5

(ll_=0. 86—>

0 " " " 1
0 02 04 06 08
Liquefaction potential L .
potential





media/file19.png
Z (m)

309

25|

20t

15

Progressive liquefaction
process of loose seabed soil

Position of froniter
\of liquefaction zone

X= 1 OOm

0

10 20 30 40 50 60 70 80
Number of cycle N=t/T





media/file2.jpg
—m=0.10 —m=0.60 — m=0.90 —— m=0.99 - = - Lincar Wave
m=0.60






nav.xhtml


  applsci-11-11631


  
    		
      applsci-11-11631
    


  




  





media/file11.png
(©) B |
o O

)2 (kPa)

/0/
1 3
w
o

(o

N
O

q

-
O

0

A5 O
o O

z_

LA
£

0

DS,

z=22.42y
z=24.19
=26.551y

\\

i 4\
)
‘ LY

z=2. 36m

CSL 7=4.13m

7

z—6.49m ]

Initial I(0 lin

z=18.29m

z=20.0bm /

7z=8.26m

Al z=10.03m

z=12.39m
Trend to liquefaction

z=14.16m
7z=16.52m x=100m

/

‘ :

}@E
‘\‘\

)

40
-p=(0'] +a’2+o’3)/3 (kPa)

80 120 160 200 240





media/file6.jpg
' N Y
P Pl e g
H - L s
T i §
{
B E £ .| Fully liquefed
: £ i o
4 g &l
xetoom, r2x3m | F x100m, 7-2832m. x=100m, 7-28.32m|
o e e M S

s

Devistori Srs 7,

xet00m, 715580
W W w0 s

xe100m, -1885m
W w0 0 s S0

ctom, 18
W w0 w0 w0 s

Tine Tine 0 Tine
sy s
P el
& fos
£l 4
H £,
L 2
L
. i, 2300 ot 330
o w0 2 o w0 s 100 20 00 400 S0 200 300 400 500
Time (5) Time (s) Time (s)





media/file1.png
8m

4 4=

30m

Cnoidal wave
T=8s. H=4m

Sea Water

permeable

Impermeable

Le

gty g

100m

e 292






media/file10.jpg
)2 (kPa)

- /_/
q=(0,-0,

= N W B O
o O O o O

ol

L 7=2.36m ’
CSL  z=4.13m \7/
-

Initial K _lin
o

z=12.39m

Trend to liquefaction

z=16.52m x=100m

0 40 80 120 160 200 240
-p=(a’] +0'2+¢7;)/3 (kPa)






media/file7.png
B
[}

(kPa)_
W
(==

—
(S~}
o

Pore }_’_ressure
=

100 |
x=100m, z=28.32m
90 i i " "
0 100 200 300 400 500
Time (s)

Pore Pressure (kPa)

~ x=100m, z=18.88m
200 300 400 500
Time (s)

100

Pore Pressure (kPa)
2
(=]

w
W
wn

x=100m, z=2.36m

350
0 100 200 300

Time (s)

400

500

500

500

0
)
& 5 |
& Fully liquefied
< al Partially liquefied |
P
2 -6f
n
[*]
.z -8
3
=
£-10
g
o-12+ ]
= x=100m , z=28.32m
-14 -
0 100 200 300 400 500
Time (s)
0
=
a
=
©-20¢
P
g
40t
o
=
2
5—60 ]
=]
<
(]
= x=100m , z=18.88m
-80 - - .
100 200 300 400
Time (s)
-189
=
o
=
Ay
2
g
7]
2,190
2
3
g
=
5
z x=100m, z=2.36m
-191 : : : -
0 100 200 300 400
Time (s)

500

6
< 4
¥
=
2 Partially liquefied
2
£ 0
7]
9 .
E 2 Fully liquefied
<
3
o -4
x=100m, z=28.32m
-6
0 100 200 300 400 500
Time (s)
10 "
=
=M
= 5
il
g
&0
=
g
.E &
)
a
10 x=100m, z=18.88m
0 100 200 300 400
Time (s)
1.5
)
e
= 1
B
[
Z
20.5
)
o
S of
]
i
a
~0.5
x=100m, z=2.36m

200 300
Time (s)

100

S

400

500





media/file16.jpg





media/file3.png
P (kPa)

110

— m=0.10

m=0.60 — m=0.90 — m=0.99 = = - Linear Wave

;,.g\\ m=0.60






media/file22.jpg
Z(m)

|

toom

’

(ST

W ight-4m

2

-
etoom

. "

sebo

seom

Wore ight-4m

20
N
ol
l

Wavelightdmx-lo0m

0

)
‘Number of cycle N=UT

v om @ e w

Number of cycle NUT

D W @ w

‘Number of cycle NetT






media/file17.png
tvT=10

Liquefaction Zone

Liquefaction Zone

75

Liquefaction Zone Liquefaction Zone

Liquefaction Zone

5
0
100 125 150 50 75 100 125
X (m) X (m)
tl’iv];._—:S 0 — 30 m UT=62.5

Liquefaction Zone

100
X (m)

Liquefaction Zone Liquefaction Zone

ro
N

125 150 50 75 100 |
X (m)

150

150





media/file4.jpg
—

xeioom, -2832m I <ei00m, -2532m)

T e w0 6o To s w0 w0
“Time 5) Tine ()






media/file0.jpg
Cnoidal wave

,,,,,,,,,,,,, seavarer /- \ T iom /N
et et
o 4 i

,  Hydrodynamic pressure permeable
ot
Loosely deposited seabed T—— N
L A L )

100m 100m





media/file21.png
30
x=100m
257 Liquefaction
process
20t
E L
13 \
N \ /
10 E L b
\
5§/ * \
\
\
O ) 1 3
0 100 200 300

Residual Pore Pressure (kPa)

. o< - - liquefied depth
" _ .- ==liquefied depth
%, - = -~ liquefied depth

Eis e
- a00.  liquefied
10 H depth
58
,' x=100m
0 2 L 1
0 5 10 15 20

Oscillatory pore pressure (kPa)





