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Abstract. In this paper the mathematical modeling of seismic waves
propagation in the snow based on the theory of dynamic poroelasticity is
considered. The snow cover is approximated as porous medium, saturated
with liquid or air, where the three elastic parameters are expressed via
three elastic wave velocities. These velocities are recalculated using the
elastic wave’s velocities via the Biot theory, which are expressed through
elastic parameters of the snow. The obtained solutions allow the study
the peculiarities of the seismic wave’s propagation in the liquid or air,
which saturating snow cover. In this case, the obtained equations are
used for simulation the displacement velocity of the porous frame and
the saturating fluid in it, as well as the pore pressure and the stress
tensor components with given elastic parameters of the medium and the
velocities of propagation of transverse and longitudinal waves in a porous
medium.
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1 Introduction

The main important geoecological problem is the problem of studying the impact
from industrial such as quarry and test ground explosions to environment. It is
known that different factors influence on seismic and acoustic waves propagation
from explosion source. Among these factors there are weather factors, related
with atmosphere state (wind, humidity, temperature), relief, state of the Earth’s
surface and also presence of snow cover and forest.

In the given paper, we consider the snow cover influences on the seismic
and acoustic waves propagation using mathematical simulation for two-layer
model. The model consist of two homogenous layers. Upper layer is snow and
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lower layer is elastic semispace. In mathematical simulation the snow cover is
presented by elastic-saturated medium which described via equations of motions
and state. There is fundamental property for elastic-porous saturated medium
as two longitudinal waves of the first and second kind and one rotational wave
in two-layer model. The waves of the second kind are highly attenuated.

Mathematical modeling of seismic waves propagation in snow is based on
the theory of dynamic poroelasticity. Three elastic parameters are expressed via
three elastic wave velocities per Biot theory taking into account parameters of
the snow medium. Note that obtained solutions allow studying features of the
seismic waves propagation in the snow medium, saturated liquid or air. The
obtained equations allow to simulate the displacement velocities of porous frame
saturated fluid or air, and also porous pressure and stress tensor components
by given elastic parameters of the medium and also by given velocities of the
longitudinal and transverse waves propagation in the porous medium.

This problem is the subject of theoretical and experimental studies, includ-
ing the using acoustic methods. Effective use of the acoustic methods involves
knowledge of the processes occurring in saturated porous media, including the
elastic wave’s propagation as well as non-destructive methods of the snow struc-
ture classification; determination of snow physical features; developing effective
methods of explosive control for snow slopes; and monitoring acoustic influence.
The development of structure classification techniques and determination of the
appropriate physical parameters of snow require an accurate acoustic propa-
gation model. Pre-existing models of the seismic wave propagation made use
either porous media, which has a rigid ice frame, or continuum elastic or inelas-
tic models [1-6]. These models do not adequately explain the wave propagation
phenomena observed in the snow. The air pressure waves, propagating in the
interstitial pore space, and dilatational and shear stress waves, propagating in
the ice frame, were detected in the snow [7—10]. However, neither the porous
medium or the continuum models can explain all the three wave propagation
modes. In [11], based on the Biot model the propagation of seismic waves in the
snow as a porous material with an elastic frame saturated with a compressible
viscous fluid (air) was discussed. The characteristics of the solutions describing
acoustic waves in the snow are discussed in detail and compared with the exper-
imental results [8,9,12,13]. In this paper, we described three elastic parameters
[14-16] for the propagation of seismic waves in the snow using dynamic theory
poroelasticity.

2 The Problem Statement

In poroelasticity theory [14], the stress-strain relations for a porous aggregate
including the effects of fluid’s pressure and dilatation are considered. As well
as in [11,17] we study the dynamics of a material and the coupling between a
fluid and a solid provided that the material is statistically homogeneous and
isotropic in the region of interest, behaves in a linearly elastic manner and that
thermoelastic effects are negligible. The macroscopic stress-strain relation for
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the medium was derived by assuming the isotropic medium. The coupling effect
between the elastic frame and the compressible fluid was taken into account by
introducing a kinetic coefficient into the dissipation function of the system [14].
Dissipation of energy by the viscous fluid was expressed in terms of a relative
velocity between the fluid and the solid.

The constitutive relations describing the porous material by the tree para-
meters are the following [16]:
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where 0 is the stress in the solid framework, p is the fluid pore pressure, ey
and ey, are the dilatations of the solid and the fluid, ;; is the strain in the
solid, and ¢;; is the Kronecker delta, u = (u1,ug,us) and U = (Uy,Us,Us) are
the displacement vectors of the elastic matrix and the saturating fluid with the
respective partial densities ps and p;, p = pi+ps, A = A—(ap?) 1K? K = )\—l—%u,
A, 11, ap? are elastic parameters of the porous medium [14].

The dynamic poroelasticity theory for the porous media is derived using the
method of conservation laws, which include the motion and state equations [18]

Ou; 1 doy  pi Op | pi

— i — V) = I 3
ot o om pﬂ)axi+-psxpxu v;) (3)
dv; 1 0p
- v (us — v = F 4
at + paxl sz(uz Ul) 7 ( )
0ok, Our,  Ouy Ps 2 ) Ps )
K- —p) did — 2 Kéid =0,
5 +u<8$i +8m;€)+(p h ) digdive P gdive =0, (5)
op . ,
5 (K — apps)divu — appidive = 0. (6)

U |t=0 = V; |t=0 = ik |t=0=D |t=0= 0,

Pl
022 + P 2220 = 012 |z,=0 = ;p lz,=0=0,
where x is the friction coefficient.

Determining the Physical Parameters for the Snow. The dynamic nature
of a porous material is determined by the three elastic parameters K, i, and «.
These parameters are expressed via velocity of propagation of the shear wave ¢,
and the velocities of the longitudinal waves ¢,,, ¢, [12,13].
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The velocities ¢; and c¢p,, c,, are determined by the Biot parameters A, N, R,
and Q. These parameters are calculated from the four measurable coefficients for
the snow [11]. The friction coefficient is expressed by the dissipation coefficient
from [11,17].

3 Algorithm of Numerical Solving

We have been used the algorithm of numerical solving of the 2D dynamic prob-
lem of seismic wave propagation in the porous medium with allowance for the
energy dissipation. To solve numerically this problem, we used the method for
combining the Laguerre integral transform with respect to time with a finite-
difference approximation along the spatial coordinates. The proposed method of
the solution can be considered as analog to the known spectral-difference method
based on Fourier transform, only instead of frequency we have a parameter m,
i.e. the degree of the Laguerre polynomials. However, unlike Fourier transform,
application of the Laguerre integral transform with respect to time allows us to
reduce the initial problem to solving a system of equations in which the para-
meter of division is present only in the right side of the equations and has a
recurrent dependence. The algorithm used for the solution makes it possible to
perform efficient calculations when simulating a complicated porous medium and
studying wave effects emerging in such media.

As of result of this Laguerre transform the initial problem (3)—(6) is reduced
to two-dimensional spatial differential problem in spectral domain [19]
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For solution of the problem (7)-(10) we used finite-difference approximation
of 4th order along the spatial coordinates on the shifted grids [19]. As result
of the finite-difference approximation for the problem (7)—(10) we obtain the
system of linear algebraic equations in the vector form

(AA + ;E) W(m) = Fa(m—1) (11)
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where W (m) = (Vo(m), ..., Vyryrn(m)) is solution vector with the wave field
components.

Finding the solution of this system of linear algebraic equations (11), we can
define spectral values for all wave field components. Then we obtain the solution
of the initial problem (3)—(6) using Laguerre transform.

4 Results of Numerical Simulation

In given section we present the numerical results of simulation of seismic waves
fields for test model of the porous medium. The given medium is consist of
two homogenous layers, namely snow (upper layer) and elastic semispace (lower
layer). The physical medium’s features were specified as

— snow layer with parameters pg = 0.4 g/cm3 is density, pg’l = 0.01 g/cm3 is
density, ¢,, = 1.1km/s, ¢,, = 0.25km/s, ¢, = 0.7km/s, d = 0.5 is porosity
coefficient, x = 100 cm?®/(g - sec) is friction coefficient;

— lower elastic semispace with parameters p = 1.5 g/cmg, ¢p = 1.2km/s, ¢, =
0.8km/s.

Wave field is modeled from point source like expansion center with coordi-
nates 9 = 200m, zg = 4m, situated in upper layer. Time signal in the source
was given as Puzyrev’s pulse with main frequency equaled 100 Hz.
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Fig. 1. Snapshot of the wave’s field for vertical component of the displacement velocity
uz(z,z) in the time moment t=0.15s. The main frequency of signal in the source is
100 Hz
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Fig. 2. Snapshots of the wave field for vertical component of the displacements velocity
u.(x, z) in the moment time t =0.15s. On the left side without energy dissipation, on
the right side with energy dissipation. The main frequency of signal in the source is
100 Hz.

The example of calculation wave’s field results for different models is represented
on the Figs.1 and 2. The figure is shown that in snow’s layer the multiply
reflected waves arise. They generates different longitudinal and transverse waves
in elastic semispace.

The Fig. 1 demonstrates snapshot of wave’s field for vertical velocity compo-
nent of displacement u in the fixed moment of time T =0.15s when thickness of
the upper snow layer is 20 m. The Fig. 2 represents the snapshot of wave’s field
for vertical velocity component of displacement when thickness of the snow layer
is 3m. The right snapshot shows the wave field with energy dissipation in the
snow’s layer and the left snapshot presents wave field without energy dissipation.
From analysis of Figs. 1 and 2. It is shown that if thickness of the snow layer less
spatial length transverse and quick longitudinal wave, then presence of energy
dissipation in medium significantly influences to wave field. Since the presence
of energy dissipation firstly significantly influences to attenuation of the slow
longitudinal waves and decreases the number of reflections in thin layers.
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