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Abstract

:

The paper is devoted to the problem of numerical modeling of earthquake response of porous saturated soil deposits to seismic waves propagation. Site-specific earthquake response analysis is a necessary and important component of seismic hazard assessment. Accounting for the complex structure of porous saturated soils, i.e., the content in them, in addition to the solid matrix, pore water, gas mixture and ice, is especially important for the water areas in the zones of continuous or sparse permafrost, as well as the massive release of bubble gas from bottom sediments. The purpose of this study is to introduce an algorithm and its Matlab implementation for numerical modeling of the nonlinear response of porous saturated soil deposits to vertical P- and SH-waves propagation. The presented MatNERApor package consists of a set of Matlab scripts and functions. The package was tested and verified using the records of vertical seismic arrays of the Kik-net network. In addition, the records of local earthquakes obtained by ocean bottom seismographs in the Laptev Sea in 2019–2020 were used to demonstrate the effect of the water layer above the seabed sites on the reduction of vertical motions spectra. The results of the calculations showed good agreement with the data obtained from real seismic records, which justifies the correctness of the theoretical basis of the presented algorithm and its software implementation.
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1. Introduction


In terms of destructive consequences, the number of victims, material damage and destructive effect on the human environment, earthquakes occupy one of the first places among dangerous natural and natural-technogenic phenomena. In order to prevent possible disasters associated with the operation of critical structures, it is necessary to carefully assess seismic and other geological hazards during design. Especially, it concerns the structures that have direct contact with open water areas, such as offshore oil platforms, underwater pipelines, and marine terminals, as the sea environment has high vulnerability and the ability to quickly transport pollution [1].



Seismic hazard assessment is a necessary component of research work in the design and operation of structures in seismically hazardous areas. Site-specific earthquake response analysis is an important component of seismic hazard assessment. According to national and international building code regulations, one of the main results of seismic hazard assessment are sets of accelerograms (time series of ground accelerations), consisting of two horizontal and vertical components. The influence of soil layers on the propagation of seismic waves (seismic microzonation) should be taken into account. Experimental seismic recordings are more preferred; however, the surveyors very often face the lack of records collected at the observation site, associated with the earthquakes with appropriate parameters since long-term instrumental seismic observations in sparsely populated areas or in water areas are technically difficult and expensive. This problem can be solved by numerical simulation of the seismic wave propagation through soil deposits with specified parameters.



Many algorithms for soil response modeling have been developed over several last decades, that can be divided into two general groups: equivalent linear [2,3,4] and nonlinear models [5,6,7]. Verification studies have shown that equivalent linear models are suitable when shear strains in the soil remain low while nonlinear models are more accurate for simulating response for soft soil sites that experience higher strains and stronger ground motions [8,9].



It is commonly believed that the main contribution to the destruction of structures during earthquakes is made by shear waves since usually their amplitude is maximum during strong ground motions and they have a characteristic spectral composition. However, records from recent earthquakes show that many structures have experienced significant damage because of the high intensity of vertical earthquake motions [10,11,12]. Vertical ground motions also significantly affect slope stability [12,13].



The most common algorithms assume homogeneous solid soil structure while the real soils are porous and saturated by multicomponent fluids. In addition to water, the pore space of soils can contain a significant amount of gas mixtures and ice. It is important to consider such a soil structure if the site under study is located in the water area within the zones of continuous or sparse permafrost, as well as the massive release of bubble gas from bottom sediments. Such zones are particularly extensive in the Arctic seas of Russia, especially on the Arctic shelf of Eastern Siberia, where a large number of discovered methane seeps are located [14,15,16].



The water content of the soils does not affect horizontal ground motion significantly since water has no resistance to shear stress [17]. Conversely, porous soil structure and position of the water table considerably affect the vertical response [12,18,19]. Some investigations based on seafloor seismic records analysis show that the vertical component of seafloor motions are significantly lower than those of onshore motions near the P-wave resonant frequencies, caused by the water layer above the station [20,21,22].



Some works justify the applicability of the well-known codes, which are usually used for SH-wave, to the P-wave propagation case [12,19]. When solving the wave equation, the velocity of the P-wave is used instead of the S-waves. Additionally, constrained moduli are used instead of shear moduli. However, for the P-wave case, there are no indications of a specific well-known code in the literature [1].



The purpose of the present study is to introduce an algorithm and its Matlab implementation for numerical modeling of the nonlinear response of porous saturated soil deposits to P- and SH-waves propagation, based on the existing literature on this topic. We consider one-dimensional vertical propagation of P- and SH-waves in porous saturated soil layered system. The basics of the NERA algorithm [5] were used to model the nonlinear behavior of soils. The same applies to spatial and temporal discretization for the numerical solution of analytical wave equations.



The Frenkel-Biot [23,24] and Gassman [25] theories for seismological low-frequency range were used to substantiate the applicability of the derived equations of motion for the case of porous saturated soil. The procedure for passing from the solution for SH-waves to the solution for P-waves is based on solving the wave equations using the P-wave velocity instead of S-wave velocity and degradation curves of constrained moduli for saturated soils instead of shear moduli according to [12]. Simulation of the reduction of P-waves spectra due to the passage of part of their energy into the water column (water layer above seabed site) and resonance in it, as formulated in [21], is carried out through the use of the series of band-stop filters around the resonant frequencies.



The algorithm presented in this paper was implemented in the Matlab programming environment. The MatNERApor package consists of a set of Matlab scripts and functions. The package was tested and verified using the records of vertical seismic arrays of the Kik-net network [26] since the vertical arrays in water areas are still exotic. The records for two sites were used: the TCGH15 site is characterized by sandy soils lying on the bedrock, and the KSRH10 site is characterized by clayey soils. In addition, the records of local earthquakes obtained by ocean bottom seismographs in the Laptev Sea in 2019–2020 were used to demonstrate the effect of the water column on the reduction of vertical motion spectra. The results of the calculations showed good agreement with the data obtained from real seismic records, which justifies the correctness of the theoretical basis of the presented algorithm and its software implementation.




2. Theoretical Basis


2.1. Scheme of One-Dimensional Horizontally Layered Soil System and Governing Equations of Motion


The study implies one-dimensional vertical propagation of P- and SH-waves in horizontally homogeneous soil layers of infinite horizontal extent. The soil is assumed to be a porous saturated medium. In the general case, the pore fluid may consist of a water, gas mixture, and ice (if we consider the case of a site in the permafrost zone). Figure 1 shows schematically the direction of movement of soil particles relative to the direction of waves propagation through the soil layers in the cases of their occurrence on land (with a certain position of the water table) and in the water area.



Wave equations for propagating shear waves (SH-wave) and compression waves (P-wave) in a horizontally layered system have a simple form:


     ∂ 2   u h    ∂  z 2    =  1   V S 2         ∂ 2   u h    ∂  t 2     



(1)






     ∂ 2   u v    ∂  z 2    =  1   V P 2         ∂ 2   u v    ∂  t 2     



(2)




where uh and uv are the horizontal and vertical movement, respectively, as a function of time t and vertical coordinate z, VS and VP are the shear and compression waves velocities, respectively.



The shear wave velocity correlates with the shear modulus, which in turn depends on the stress and strain as follows:


  G =  ρ b   V s 2  =    τ h     γ h     



(3)




where G is the shear modulus, ρb is the bulk density,    τ h    is the horizontal stress,    γ h    is the horizontal strain.



Similarly, compression wave velocity correlates with constrained modulus, which in turn depends on stress and strain as follows:


  M =  ρ b   V P 2  =    τ v     γ v     



(4)




where M is the constrained modulus,    τ v    is the vertical stress,    γ v    is the vertical strain.



The relationship between M and G is expressed as follows:


  M = 2 G   1 − ϑ   1 − 2 ϑ    



(5)




where ϑ is the Poisson’s ratio.



In the presence of pore water, the constrained modulus M* differs from that in the absence of underground water M [12,24,27]:


   M *  = M +   K f  ϕ   



(6)




where Kf is the bulk modulus of pore water, -ϕ is the porosity of the soil.



Thus, the relationship between constrained modulus for saturated soil and compression wave velocity and then, with stress and strain is as follows:


   M *  =  ρ b   V P  * 2   =    τ v *     γ v *     



(7)




where M* is the constrained modulus for saturated soil (i.e., below water table),    V P *    is the compression waves velocity for saturated soil,    τ v *    and    γ v *    are vertical stress and strain for saturated soil, respectively.



Taking into account Formulas (3), (4) and (7), expressions (1) and (2) can be rewritten as follows:


   ρ b     ∂ 2   u h    ∂  t 2    =  ρ b   V s 2     ∂ 2   u h    ∂  z 2    = G    ∂ 2   u h    ∂  z 2     



(8)






   ρ b     ∂ 2   u v    ∂  t 2    =  ρ b   V P 2     ∂ 2   u v    ∂  z 2    = M    ∂ 2   u v    ∂  z 2     



(9)






   ρ b     ∂ 2   u v *    ∂  t 2    =  ρ b   V P  * 2      ∂ 2   u v *    ∂  z 2    =  M *     ∂ 2   u v *    ∂  z 2     



(10)




where    u v *    is the vertical movement below the water table.



The derivatives of stresses along z also can be expressed in terms of modules and movements:


    ∂  τ h    ∂ z   =   G ∂  γ h    ∂ z   =   G  ∂ 2   u h    ∂  z 2     



(11)






    ∂  τ v    ∂ z   =   M ∂  γ v    ∂ z   =   M  ∂ 2   u v    ∂  z 2     



(12)






    ∂  τ v *    ∂ z   =    M *  ∂  γ v *    ∂ z   =    M *   ∂ 2   u v *    ∂  z 2     



(13)







Combining expressions (8)–(10) and (11)–(13), we can obtain the governing equations of motion:


   ρ b     ∂ 2   u h    ∂  t 2    =   ∂  τ h    ∂ z    



(14)






   ρ b     ∂ 2   u v    ∂  t 2    =   ∂  τ v    ∂ z    



(15)






   ρ b     ∂ 2   u v *    ∂  t 2    =   ∂  τ v *    ∂ z    



(16)







Above, we did not consider the possibility of relative movement of the pore fluid and solid skeleton particles during the passage of seismic waves. However, there is a need to make sure that this approach is correct. To describe the joint relative motion of a solid soil matrix and pore fluid, the Frenkel–Biot theory [23,24] is overwhelmingly used. The theory of poroelastic wave propagation is valid under the assumptions about a bound and isotropic porous medium, the pore scale is much smaller in comparison with the wavelength and small deformations that ensure linear elastic material behavior.



Biot’s equations of motion for an isotropic fluid saturated porous medium are as follows:


   ρ b     ∂ 2   u h    ∂  t 2    +  ρ f     ∂ 2   w h    ∂  t 2    =   ∂  τ h    ∂ z    



(17)






    ∂  p f    ∂ z   +  ρ f     ∂ 2   u h    ∂  t 2    = − Y   ∂  w h    ∂ t    



(18)






   w h  = ϕ  (   u h f  −  u h   )   



(19)






  Y =  η  k  ( ω )     



(20)




where    u h f    is the horizontal movement of the fluid particles,    w h    is the horizontal movement of the fluid particles relative to the matrix, ρf is the density of pore fluid, pf is the pore pressure, Y is the viscodynamic operator, η is the dynamic viscosity coefficient of pore fluid, k(ω)—the dynamic permeability (frequency-dependent).



Using Biot’s equations of motion for modeling the site response of soils to shear waves within the seismological frequency range was considered in [1]. For this, assumptions from Gassmann’s theory [25] were used. Gassmann’s theory is based on the assumption that the relative motion of fluid and matrix has a negligible effect on the seismic wave propagation in fluid-saturated soils. Gassmann’s equations are essentially the lower frequency limit of Biot’s more general equations of motion for poroelastic materials. The boundary of the low-frequency range is defined as follows [28]:


  f < 0 , 1     η ϕ   2 π k  ρ f     



(21)




where k is the permeability of rock.



In this frequency range, Biot’s theory is in accordance with the conclusions from Gassmann’s theory. In different studies, the value of the cutoff frequency varies. According to [29], the cutoff frequency is within the range of 1–20 kHz. In [30] it is argued that Gassmann’s equations give the most accurate results at frequencies lower than 100 Hz. It follows from this that Gassmann’s theory is well applicable to seismology.



Thus, for modeling seismic waves propagation through porous water-saturated soil layers within the seismology frequency band (lower than 100 Hz) the main assumptions for the elementary volume of porous soil are as follows: firstly, at low frequencies during the passage of the wave, the pore pressure gradients have time to compensate; secondly, there is no relative motion of the fluid and rock matrix, and, thirdly, there is no movement of the pore fluid beyond the elementary soil volume [1]. Taking into account the above assumptions, Biot’s equation of motion (17) take the form (14). For numerical solving of the governing equations of motion, the central difference method was used in accordance with [5].




2.2. The Models of Elementary Volume of Saturated Soils


Several variants of the structure of the elementary volume of porous saturated soils are considered (Figure 2), i.e., if the soil consists of: (1) soil matrix and pore water; (2) solid matrix, pore water and gas; (3) solid matrix, pore water, gas and ice. Most sites on land and in water areas are characterized by the second variant of the soil structure. However, the third variant of the soil structure is preferred for sites in permafrost zones.



Loose soils are of particular interest from a geotechnical point of view, including sandy and clayey soils. In the model, the sandy soils were considered non-cohesive and clayey soils—as cohesive. Non-cohesive soils with a solid matrix are characterized by a negligible change in porosity, while fluid saturation of the porous space can vary significantly. For cohesive soils, since their fluid saturation coefficient is close to unity, an increase in moisture leads to an increase in the volume of the pore space [1].



According to Gassman’s theory, since the fluid and solid matrix particles move together, the bulk density of the porous medium can be averaged. If the soil consists only of the solid matrix and pore water, then the averaging takes the following form:


   ρ b  = ϕ  ρ l  +  (  1 − ϕ  )   ρ s   



(22)




where ρl and ρs are the density of pore liquid (water) and solid grains, respectively.



If the soil consists of a solid matrix, pore water and gas, then the averaging takes the following form:


   ρ b  = ϕ  S g   ρ g  + ϕ ( 1 −  S g  )  ρ l  +  (  1 − ϕ  )   ρ s   



(23)




where ρg is the density of pore gas, and Sg is the fraction of gas in pore volume.



If the soil consists of a solid matrix, pore water, gas and ice, then the averaging takes the following form:


   ρ b  = ϕ  S g   ρ g  + ϕ  S i   ρ i  + ϕ ( 1 −  S g  −  S i  )  ρ l  +  (  1 − ϕ  )   ρ s   



(24)




where ρi is the density of pore ice, and Si is the fraction of ice in pore volume.



The bulk density can be expressed as a function of the dry density and the moisture coefficient as follows:


   ρ b  =  ρ  d r y    (  1 + W  )   



(25)






  W =    S r  e  ρ l     ρ S     



(26)




where ρdry is the dry density, W is the moisture coefficient of soil, e is the void ratio, and Sr is the saturation factor (saturated pore volume fraction).




2.3. Nonlinear Hysteretic Model


The typical description of nonlinear soil behavior are models that rely on hysteresis stress-strain relations. With NERA [5], the hysteresis curve is modeled using such parameters as maximum shear modulus Gmax and so-called shear modulus degradation curves G/Gmax(γ) (Figure 3). The IM-model [31,32] implemented in the NERA algorithm assumes the Masing rule [33] and is based on simulating nonlinear hysteretic stress-strain curves using a series of mechanical elements which have different stiffness ki and sliding resistances Ri (R1 < R2 < … < Rn). Initially, the residual stresses in all sliders are equal to zero. During a monotonic loading, slider i yields when the shear stress τ reaches Ri [5].



The results from downhole measurements and from empirical ground motion prediction equations [12,18,34,35] lead to the conclusion that the nonlinear behaviors of vertical and horizontal ground motions differ. Therefore, the modulus reduction and damping curves for the horizontal direction should be modified before applying them to the vertical direction [12], i.e., they should be based on constrained moduli for the cases of unsaturated soil and saturated soil.



The right side of the governing equations of motion (14)–(16) can be written in terms of the tangential modulus:


    ∂ τ   ∂ z   =   ∂ τ   ∂ γ       ∂ γ   ∂ z   =  H t    ∂ γ   ∂ z    



(27)




where the tangential modulus Ht is [5]:


    H   t 1    =  k 1  ,   i f   0 ≤   τ <  R 1      H   t 2    =    (   k 1  − 1   +  k 2  − 1    )    − 1   ,   i f    R 1  ≤   τ <  R 2     …     H   t  n − 1     =    (   k 1  − 1   +  k 2  − 1   + … +  k  n − 1   − 1    )    − 1   ,   i f    R  n − 2   ≤   τ <  R  n − 1       H   t n    =    (   k 1  − 1   +  k 2  − 1   + … +  k  n − 1   − 1   +  k n  − 1    )    − 1   ,   i f    R  n − 1   ≤   τ <  R n     0 ,   i f   τ =  R n    



(28)







The tangential modulus    H   t i      is related to the secant modulus Gi as follows:


   H   t i    =    G  i + 1    γ  i + 1   −  G i   γ i     γ  i + 1   −  γ i    =  G  m a x      G  i + 1  ′   γ  i + 1   −  G i ′   γ i     γ  i + 1   −  γ i    ,   i = 2 ,   … ,   n − 1   a n d    H   t n    = 0 .    



(29)







The sliding resistances Ri can be expressed as follows:


   R i  =  G i   γ i  =  G  m a x    G i ′   γ i  ,   i = 1 , … ,   n  



(30)






   G i ′  =    G i     G  m a x      











Taking into consideration the Equations (5) and (6), the constrained moduli degradation curves for unsaturated soil and for saturated soil, respectively, take the following forms:


   M i ′  =    M i     M  m a x     =   2  G i    1 − ϑ   1 − 2 ϑ     2  G  m a x     1 − ϑ   1 − 2 ϑ     =  G i ′   



(31)






   M i  * ′   =    M i *     M  m a x  *    =    M i  +   K f  ϕ     M  m a x   +   K f  ϕ     



(32)







The damping ratio at horizontal strain    γ i    can be expressed [5]:


   D   G i    =  2 π     (    2  A i     G i   γ i 2    − 1  )  ,   i = 2 , … ,   n  



(33)






   D   G 1    = 0  










   A i  =  1 2    ∑   j = 2  i   (   G j   γ j  +  G  j − 1    γ  j − 1    )   (   γ j  −  γ  j − 1    )  ,   i = 2 , … , n  










   A 1  = 0  








where DG is the damping ratio related to horizontal movements.



The damping ratio at vertical strain    γ i    can be expressed [12]:


   D   M i    =  4 π     1  1 −  M i ′     [  1 +  (     M i ′    1 −  M i ′     )  l n  (   M i ′   )   ]  −  2 π   



(34)






   D   M i *    =  4 π     1  1 −  M i  * ′      [  1 +  (     M i  * ′     1 −  M i  * ′      )  l n  (   M i  * ′    )   ]  −  2 π   



(35)




where    D M    and    D   M *      are the damping related to vertical movements for unsaturated soil and saturated soil, respectively.




2.4. Effect of Water Column on Incident Plane P-Waves


The ratio of the response of the bottom soil layer with the water column above it to that without a water column [21,36] is as follows:


   |  F  (  f , α  )   |  =  1    1 +  α 2  tan  (   π 2   f   f 1  r e s      )       



(36)






   f n  r e s   =    c w    4 H   n  



(37)






  α =    ρ w   C w     ρ  s s    C  s s      



(38)




where   F  (  f , α  )    is the ratio of the response of the bottom soil layer with the water column above it to that without the water column (reduction spectrum) as a function of frequency f and impedance ratio between water and bottom soil α,    f n  r e s     are the resonant frequencies of P-waves in the water column, n is an odd number, 1,3,5,…, cw is the P-wave velocity in the water layer, H is the thickness of the water column,    f 1  r e s     is the fundamental resonant frequency, ρw is the density of water, ρss is the density of seafloor soil, Css is the P-wave velocity in seafloor soil (assumed as uniform half space).



Figure 4 shows the reduction spectra    |  F  (  f , α  )   |    of the vertical component of bottom movements due to the water column of different thickness H above the site and different impedance ratios between seawater and seafloor soil α. In order to simulate this reduction, we suggest sequentially applying a series of band-stop filters to the accelerogram corresponding to the bottom:


   a c c _ f i l  t i  = B u t ( a c c _ f i l  t  i − 1     |  [     f i  r e s   − β ;    f i  r e s   + β  ]  |   σ ) ,    f o r   i = 1 , … ,   m ;    f 1  r e s     ≥    F  l b   ,    f m  r e s     ≤    F  h b     



(39)




where But is the operator denoting the application of a digital Butterworth filter of order σ and band-stop frequency range    [     f i  r e s   − β ;    f i  r e s   + β  ]   , acc_filt0 is the initial accelerogram on the surface of seafloor soil deposits, acc_filti is the filtered accelerogram of iteration i, Flb is the lower representative frequency bound of the initial accelerogram (usually the natural frequency of the accelerometer), Fhb is the upper representative frequency bound of initial accelerogram (usually Nyquist frequency).



Varying the parameters of band-stop frequency range β and the order of the filters σ it is possible to control the depth and width of the spectral peaks corresponding to the resonant frequencies of the P-wave in the water column. Figure 5 shows the correspondence of the target theoretical reduction spectrum due to the water column and frequency response of a complex digital filter designed to simulate it. The following values were used for calculation: cw = 1500 m/s, H = 51 m, α = 0.5, Flb = 1 Hz, Fhb = 50 Hz, σ = 2, β = 1.5 Hz.





3. Implementation of the Algorithm


The original NERA algorithm [5] was implemented as an Excel add-in and is well documented in the associated user manual. However, the source code is not available. The original implementation of the algorithm had a number of disadvantages: the impossibility of running the program simultaneously for a set of initial signals and soil profiles with subsequent averaging of the obtained spectra, the inability to develop the program, for example, for the case of using other geomechanical models, complicating the structure of soils, considering P-wave propagation, etc.



Therefore, the algorithm presented in this paper was implemented in the Matlab programming environment. The basis is the original NERA algorithm [5]. We added the ability to run calculations both for P- and SH-waves, to calculate the parameters of a porous saturated medium for soil layers and use them in the main algorithm, as well as to obtain constrained moduli reduction curves for the cases above and under the water table. Additionally, we added the ability to run the calculation for a set of input seismic signals, soil profiles, shear and constrained moduli reduction curves with subsequent averaging of the output response spectra. In addition, there is a possibility to obtain the theoretical reduction spectra due to the water column above the sites, simulate this reduction by the set of digital Butterworth bandpass filters and apply them to accelerograms.



The MatNERApor package consists of a set of Matlab scripts and functions. Figure 6 shows the block scheme of the package containing several subsets:




	
Subset 1—a core of earthquake site response computing;



	
Subset 2—a toolkit for calculating the bulk density of porous soil and various parameters of porous soil from velocity profiles for the Kik-net sites;



	
Subset 3—a toolkit for calculating constrained moduli degradation curves above and under water table and creating an input file with a set of soil moduli degradation curves;



	
Subset 4—a toolkit for calculating damping curves for P- and SH-wave cases;



	
Subset 5—a toolkit for visualizing general and supplementary output;



	
Subset 6—a toolkit for calculating theoretical reduction spectra for vertical components due to the water column of different thicknesses above the site, and simulating this reduction by a set of digital Butterworth bandpass filters and applying them to accelerograms.








The MatNERApor package is available in the GitHub repository: https://github.com/ArtWings/MatNERApor.git (Supplementary Materials, accessed on 3 May 2022). In addition, the repository contains a manual describing the purpose of each individual script and function indicated in Figure 6, instructions for running the program, as well as a description of the format of input and output data.




4. Approbation of the Algorithm with the Kik-Net Vertical Arrays Data


To verify the modeling results, the records of vertical seismic arrays of the Kik-net network [26] were used. Figure 7 shows the VP and VS velocity profiles at TCGH15 and KSRH10 sites. The TCGH15 site is characterized by sandy soils lying on the bedrock at a depth of 22 m. The KSRH10 site is characterized by clayey soils lying on the bedrock at a depth of 36 m [37].



For most cases, only velocity profiles are available in the database [26]. Other geotechnical parameters were calculated according to various equations (Table 1 and Table 2). The bulk density can be calculated as a function of the P-wave velocity [38] or as a function of the S-wave velocity [39]. Figure 7 shows that at a certain depth there can be a sharp increase in VP with a relatively small increase in VS. Such a horizon can be interpreted as the level of groundwater. The bedrock is characterized by a significant increase in both VP and VS. In accordance with the accepted model of the elementary volume of soils with different moisture content (Figure 2), the dependences of density on VP are better suited for finding the bulk density of non-cohesive soils, since an increase in moisture of such soils should lead to an increase in bulk density. Conversely, to find the bulk density of cohesive soils, the dependences of density on VS are better suited since an increase in moisture of such soils should lead to a smaller change in density or to its decrease.



Two earthquakes were chosen to model the site response as they resulted in approximately the same PGA at both sites (~60 Gal):




	(1)

	
Mw = 5.7, origin time 6 October 2004 14:40:38 UTC (for TCGH15 site) [40];




	(2)

	
Mw = 5.2, origin time 10 May 2008 18:24:02 UTC (for KSRH10 site) [40].









Figure 8 shows degradation curves of shear modulus (from literature), constrained moduli above the water table and under the water table (calculated) and corresponding damping ratio curves used for modeling the responses for TCGH15 and KSRH10 Kik-net sites. We used the shear modulus degradation curves from [41] for sandy sites, from [42] for clayey sites and from [2] for stiff bedrock.



Figure 9 and Figure 10 show a comparison of the response spectra modeled by MatNERApor and recorded accelerograms on the surface of soil layers at TCGH15 and KSRH10 sites, respectively. Calculations were carried out for all three components of records. It can be seen that the simulation results basically correspond to real records.



Modeling accuracy can be assessed by using the residuals as follows [12]:


    R  S A    ( T )  = ln    [  S A  ( T )   ]    r e c o r d   − l n    [  S A  ( T )   ]    m o d e l       R  S V    ( T )  = ln    [  S V  ( T )   ]    r e c o r d   − l n    [  S V  ( T )   ]    m o d e l       R  S D    ( T )  = ln    [  S D  ( T )   ]    r e c o r d   − l n    [  S D  ( T )   ]    m o d e l     



(40)




where      [  S A  ( T )   ]    r e c o r d    ,       [  S V  ( T )   ]    r e c o r d    ,       [  S D  ( T )   ]    r e c o r d     are spectral acceleration, velocity and displacement of the record for period T,      [  S A  ( T )   ]    m o d e l    ,       [  S V  ( T )   ]    m o d e l    ,       [  S D  ( T )   ]    m o d e l     are spectral acceleration, velocity and displacement of the modeled accelerograms for period T.



Figure 11 shows the residuals of response spectra of modeled and recorded accelerograms calculated for the surface of soil layers at Kik-net sites TCGH15 and KSRH10. The obtained residuals for the TCGH15 site turned out to be on average smaller than for the KSRH10 site. However, this does not apply to the vertical components. Moreover, the residuals for the vertical component for the KSRH10 site are smaller than for the horizontal components, especially in the spectral range T < 0.1 s. For the TCGH15 site, the residuals of the horizontal and vertical components are mostly similar. It should also be noted that, for spectral displacements, the residuals noticeably increase in the spectral range T > 3 for both sites.




5. Calculation of Water Column Reduction Spectra Using the OBS Records Obtained in the Arctic


Analysis of the seismic response of soils for water areas has peculiarities. Some studies based on the analysis of seismic records obtained on the seafloor show that the vertical component of seafloor ground motions is significantly lower than that of on-land ground motions near the P-wave resonant frequencies caused by the water column above the seismograph [20,21,22]. To demonstrate this effect, records of local earthquakes obtained by ocean bottom seismographs in the Laptev Sea in 2019–2020 were used.



Figure 12 shows the location of two OBSs deployed during the AMK-78 cruise (October 2019) and dismantled during the AMK-82 cruise (October 2020) in the Laptev Sea aboard the R/V Akademik Mstislav Keldysh. A series of scientific cruises to the Laptev Sea and East-Siberian Sea were organized by the V.I. Ilichov Pacific Oceanological Institute of the Far Eastern Branch of the Russian Academy of Sciences and the IO RAS with the participation of a number of other institutions. Since 2018, the program of seismological research has been included in these expeditions and has aimed to obtain the seismic and seismotectonic characteristics of the Laptev Sea region in the context of the relationship of the tectonic processes with the discharge of bubble methane from the bottom by registering local microearthquakes, remote teleseismic events and ambient seismic noise on the shelf and the continental slope of the Laptev Sea [45,46].



The two OBSs were located near, but not exactly within, large methane seep fields [14]. The central part of the outer Laptev Sea shelf is characterized by scattered areas of sub-bottom permafrost and taliks [47,48]. The soil layers in such areas have a multiphase structure: solid soil grains, pore water, ice and gas mixture.



It turned out that the OBS recording capabilities on the Arctic shelf and the upper slope are highly dependent on the level of ambient seismic noise, which, in turn, is influenced by the wind waves. A strong noise level, at least in the autumn ice-free time period, practically leads to the impossibility of obtaining high-quality records of earthquakes. Ice-cover smooths out wind waves and significantly reduces noise levels [45,46]. In the ice-covered time period, the OBS deployments resulted in a significant number of signals from both large remote and weak local earthquakes in a broad frequency range.



Figure 13 shows the V/H curves, i.e., the ratio of the FFT spectra of the vertical to the horizontal component, for 10 local earthquakes of similar strength and epicentral distance, obtained at two points (St3 and Typ2—see Figure 12) located at a considerable distance from each other.



A clear drop in the V/H curves is seen at frequencies of 3–10 Hz and for both OBSs. The depth of the sea above the St3 and Typ2 sites is 51 and 61 m, respectively. The theoretical estimate of the resonant frequencies of P-waves by Equation (37) is 5–7 Hz for these depths. In addition, the theoretical reduction spectra due to the water column above the sites are shown in Figure 13. The following values were used for calculation of theoretical reduction spectra by Equations (36) and (37): cw = 1500 m/s, H = 51 m, α = 2 (Figure 13a); cw = 1500 m/s, H = 61 m, α = 1 (Figure 13b). The speed of sound in water cw is assumed to be typical. The thicknesses of water column H for both sites were obtained from ship echo sounder data. The values of impedance ratio between water and bottom soil α were chosen so that the main peak widths of the theoretical reduction spectra corresponded to those obtained on real records. It should be noted that this method of impedance ratio selection can be considered as an additional method for determining the impedance of submarine surface soils for engineering purposes. Figure 13 demonstrates a good agreement between recorded and theoretical spectral reduction for both sites.




6. Conclusions


Summarizing the above, we can formulate the following main conclusions:




	(1)

	
The algorithm MatNERApor and its Matlab implementation were introduced for numerical modeling of the nonlinear response of porous saturated soil deposits to P- and SH-waves vertical propagation. The presented algorithm is based on the NERA algorithm, but develops significantly, expanding its applicability to the cases of a porous saturated soil structure, propagation of P-waves instead of SH-waves and occurrence of soil deposits in the water area. In addition, many shortcomings of the software implementation of the original algorithm have been overcome. We added the ability to run the calculation for a set of input seismic signals, soil profiles, shear and constrained moduli reduction curves with subsequent averaging of the output response spectra. The source code can be further developed.




	(2)

	
The package was tested and verified using the records at two sites of the Kik-net network: the TCGH15 site is characterized by sandy soils lying on the bedrock, and the KSRH10 site is characterized by clayey soils. The effect of the water column on the reduction of vertical motion spectra was demonstrated using the records of local earthquakes obtained by ocean bottom seismographs in the Laptev Sea in 2019–2020. The results of the calculations showed good agreement with the data obtained from real seismic records, which justifies the correctness of the theoretical basis of the presented algorithm and its software implementation.




	(3)

	
The MatNERApor package has significant prospects for practical use. This is especially actual for sites located in the water area within the zones of continuous or sparse permafrost, as well as the massive release of bubble gas from bottom sediments, such as the Arctic shelf of Eastern Siberia. In this case, it is especially important to consider the complex structure of marine soils, i.e., their saturation with water, gas mixture and ice.














Supplementary Materials


The MatNERApor package and the manual are available in GitHub repository: https://github.com/ArtWings/MatNERApor.git (accessed on 3 May 2022).
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Figure 1. One-dimensional horizontally layered system of porous saturated soils and its spatial discretization in the case of vertically propagated waves: (a) a shear wave (on-land site), (b) a compression wave (on-land site), (c) a shear wave (site in water area), (d) a compression wave (site in water area). 
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Figure 2. Schematic representation of the elementary volume of cohesive and non-cohesive soil with different moisture values and different soil structure: (a–c)—if soil consists of soil grains and pore liquid (water); (d–f)—if soil consists of soil grains, pore liquid and gas; (g–i)—if soil consists of soil grains, pore liquid, gas and ice. 
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Figure 3. Hysteresis curve (a), schematic representation of stress-strain model introduced by [31,32] (b), degradation curves of shear modulus G/Gmax (γ), constrained moduli above water table M/Mmax (γ) and under water table M*/M*max (γ) and corresponding damping ratio curves DG(γ), DM(γ), DM*(γ) (c). 
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Figure 4. Reduction spectra for vertical component of bottom movements due to the water column of different thicknesses (H) above the site: (a) – H = 20 m, (b) – H = 80 m, (c) – H = 140 m, (d) – H = 200 m (alpha—impedance ratio between seawater and seafloor soil). 
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Figure 5. Target theoretical reduction spectrum due to the water column and frequency response of complex digital filter designed to simulate it. 
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Figure 6. Block-scheme of MatNERApor Matlab package for numerical modeling of nonlinear response of porous saturated soil deposits to seismic body waves propagation. Numbers in blue circles—subsets of the package (see description in text). 
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Figure 7. Velocity profiles at sites TCGH15 (a) and KSRH10 (b) of the Kik-net network. 
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Figure 8. Degradation curves of shear modulus G/Gmax (γ) (a), constrained moduli above water table M/Mmax (γ) (b) and under water table M*/M*max (γ) (c) and corresponding damping ratio curves D(γ) (c) used for modeling the responses for TCGH15 and KSRH10 Kik-net sites. 
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Figure 9. Comparison of response spectra (damping 5%) of modeled and recorded accelerograms (components EW, NS, UD; spectral acceleration—SA, spectral velocity—SV, spectral displacement—SD) calculated for the surface of soil layers at Kik-net site TCGH15. 
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Figure 10. Comparison of response spectra (damping 5%) of modeled and recorded accelerograms (components EW, NS, UD; spectral acceleration—SA, spectral velocity—SV, spectral displacement—SD) calculated for the surface of soil layers at Kik-net site KSRH10. 
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Figure 11. Residuals of response spectra (damping 5%) of modeled and recorded accelerograms (components EW, NS, UD; spectral acceleration—SA, spectral velocity—SV, spectral displacement—SD) calculated for the surface of soil layers at Kik-net sites TCGH15 and KSRH10. 
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Figure 12. (a)—OBS deployment sites on the outer shelf of the Laptev sea (operation time period: October 2019—January 2020); (b)—schematic view of the OBS deployed in the Laptev sea with indication of sea depths. 
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Figure 13. V/H spectral ratio curves of 10 local earthquake signals obtained at St3 site (a), at Typ2 site (b) and corresponding theoretical reduction spectra due to the water column above the sites. Gray lines—the earthquakes FFT spectral ratio curves; red line—the average curve for the FFT spectral ratios; blue line—the theoretical reduction spectra. 
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Table 1. Geotechnical parameters (initial and calculated) at the TCGH15 sandy site of the Kik-net network.
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Source: [26]

	
Calculated According to [38]

	
Calculated According to [39]

	
Source: [43,44]

	
Calculated by Equations (22) and (25)




	
Depth to Top of Layer (m)

	
Vp,

(m/s)

	
Vs,

(m/s)

	
ρ bulk = f(Vp),

(kg/m3)

	
ρ bulk = f(Vs),

(kg/m3)

	
ρ dry = f(Vs),

(kg/m3)

	
ρS,

(kg/m3)

	
W = f(ρ, ρ dry)

	
ϕ = f(ρ dry, ρS)






	
0

	
200

	
100

	
1164

	
1377

	
1272

	
2.66

	
0.08

	
0.52




	
3

	
1600

	
580

	
1958

	
2182

	
1786

	
2.66

	
0.22

	
0.33




	
22 *

	
2120

	
980

	
2100

	
2504

	
1976

	
2.69

	
0.27

	
0.27








* Bedrock.
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Table 2. Geotechnical parameters (initial and calculated) at the KSRH10 clayey site of the Kik-net network.






Table 2. Geotechnical parameters (initial and calculated) at the KSRH10 clayey site of the Kik-net network.





	
Source: [26]

	
Calculated According to [38]

	
Calculated According to [39]

	
Source: [43,44]

	
Calculated by Equations (22) and (25)




	
Depth to Top of Layer (m)

	
Vp,

(m/s)

	
Vs,

(m/s)

	
ρ bulk = f(Vp),

(kg/m3)

	
ρ bulk = f(Vs),

(kg/m3)

	
ρ dry = f(Vs),

(kg/m3)

	
ρS,

(kg/m3)

	
W = f(ρ, ρ dry)

	
ϕ = f(ρ dry, ρS)






	
0

	
220

	
90

	
1921

	
1339

	
1246

	
2.74

	
0.07

	
0.55




	
1

	
590

	
130

	
1525

	
1475

	
1338

	
2.74

	
0.10

	
0.51




	
5

	
1500

	
210

	
1926

	
1972

	
1468

	
2.74

	
0.14

	
0.46




	
16

	
1500

	
300

	
1926

	
1836

	
1572

	
2.74

	
0.17

	
0.43




	
36 *

	
3100

	
1400

	
2310

	
2749

	
2117

	
2.63

	
0.30

	
0.20








* Bedrock.
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