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Abstract

Introduction. The problem of modelling the propagation of elastic waves is of great practical importance when
conducting seismic exploration. Based on it, a model of the environment under study is being built. At the same
time, the quality of the constructed model is determined by the accuracy of solving the modelling problem, which
ensures constantly increasing requirements for modelling accuracy. For accurate modelling, it is important to correctly
describe and take into account the boundaries of the media. At the same time, the quality of the constructed model is
determined by the accuracy of solving the modelling problem, which ensures constantly increasing requirements for
modelling accuracy.

Materials and Methods. We have studied a modification of the grid-characteristic method on rectangular grids using
overset grids to describe the interface of media of complex shape. This approach has previously been used to describe the
earth’s surface when conducting simulations on land. This paper describes its application in modelling the relief of the
ocean shelf.

Results. The use of the overset grid reduces the modelling error, the number of parasitic waves and artifacts and makes it
possible to get a more visual picture.

Discussion and Conclusions. Overset grids can be used to describe the interface of media in modelling seismic exploration
of the ocean shelf. Their use makes it possible to increase the accuracy of modelling and reduce the number of artifacts
compared to using only one grid.
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AHHOTALUA

Beedenue. 3amaua MOAEIMPOBAHUS PACTIPOCTPAHEHHS YIPYTHUX BOIH MMEET OONBIIOE MPAKTHYECKOe 3HAUYEHHE IPH
MIPOBEACHUH CeiicCMOpa3BeIKH, MOCKOJIBKY Ha €€ OCHOBE BBITIONHACTCS MMOCTPOCHHE MOJETH HcciexyeMoi cpeasl. [lpn
9TOM KayeCTBO MOCTPOSCHHON MOJEIH ONPEICIACTCS TOYHOCTRIO PEIICHUS 33/[a4i MOJCIMPOBAHUS, YTO 00CCIICYHMBACT
MMOCTOSIHHO BO3PACTAOIIUE TPECOOBAHUS K TOYHOCTH MOJCIHPOBAHUS. J[JIs1 TOYHOTO MOJICTUPOBAHUS BAXXKHO KOPPEKTHO
OIKCHIBATH U YIUTHIBATH IPAHUIIBI pa3zeiia cpel. [Ipu 3ToM BaKHBIM (JaKTOPOM OCTACTCSI PECYPCOEMKOCTh HCITOTB3YEMOTO
METOJ]a MOJCIUPOBAHUS, TOCKOJIBKY HCIIONE30BAaHIE MEHEE PECYPCOSMKHX METOOB IMO3BOJISIET BBHIIOJHHUTEH OOJBINE
WTEepaIii pacyera sl HHBEPCHUH FITH HCIIOIB30BATh CETKH C MEHBIIIMM IIIarOM JUISI ITOBBIIICHUS TOYHOCTH.
Mamepuanst u memoowvt. B nannoit pabote paccMaTpuBaeTcs MOIU(DUKAINS CETOUHO-XapPaKTEPUCTHIESCKOT0 METO/IA HA
NPSMOYTOJIBHBIX CETKaX, UCIOJIb3YIOIIasi HAJIOKEHHBIC CETKH /ISl OMMCAHUS TPAHMIIBI pa3iesia Cpell CA0KHON (HOpPMBL.
JlaHHBIN MOAXOJ paHee UCIONIb30BAJICS JUIsl ONMCAHUS TOBEPXHOCTH 3€MJTH MIPU MPOBEACHUN MOJICTUPOBAHNUS Ha CYIIIE.
B nmanHO#1 paboTe OMUCHIBACTCS €ro MPUMEHEHHE P MOJICITUPOBAHHUH pebeda OKCaHHIeCKOTO melbda.

Pesynomamut uccnedosanus. Vicnonp30BaHUE HATOKEHHOM CETKH MTO3BOJIACT YMEHBITUTH OTPEITHOCTH MOICTIHPOBAHUS,
KOJIMYECTBO MAPa3UTHBIX BOJH U apTe(PaKkTOB M MOIYIHUTH OOJIee HATIIAIHYIO KapTHHY.

Obcyscoenue u 3axnrouenusn. HanoxxeHHBIE CETKH MOTYT OBITh NMPHMEHEHBI ISl ONFCAHUS TPAHHUIBI pa3liena cpen
pU MOJCTHUPOBAHUN CEHCMOpPa3BEeIKH OKEaHWYECKOro mieibda. VX HCIOIb30BaHKE MO3BOJISIET MOBBICUTH TOYHOCTh
MOJICITUPOBAHUS U CHU3UTh KOJMYECTBO apTe(haKTOB MO CPABHEHHIO C UCIIOJIb30BAHUEM TOJIBKO OJTHOM CETKU.

®unancupoBaHue: padoTa BHINIOIHEHA NpH (PMHAHCOBOH nozepkke Poccuiickoro Hayunoro ¢onza (rpoekt Ne 21-11-00139).

KiroueBbie ci10Ba: CeTOYHO-XapaKTEPUCTHUECKUI METO/I, METO/] HAJIOXKEHHBIX CETOK, METOJI CETOK-XUMep, Lienb(hoBast
ceifcMopasBeka

Jnsi uutupoBanus. Cremiok B.O. IpuMenenne MomuduKanny CETOYHO-XapaKTEPHUCTHIECKOTO METO/a C MCIOJB30-
BaHKMEM HAJIOKEHHBIX CETOK IS SIBHOTO BBIZIEIEHHSI [PAHUIIBI pa3/ieia Cpel P MOAETUPOBAHNH Peibeda OKEaHUIECKOTO
mensbha. Computational Mathematics and Information Technologies. 2023;7(3):20-27. https://doi.org/10.23947/2587-
8999-2023-7-3-20-27

Introduction. The elastic and acoustic wavespropagation in the medium is studied by many scientific and engineering
disciplines. Among the most important practical tasks considered by these disciplines are seismic stability analysis, non-
destructive defect detection and seismic exploration. Numerical modeling is widely used in solving all these problems. Two
main types of modeling tasks can be distinguished — in fact, the task of moderating the propagation of wave disturbances
in a medium with known properties (a direct task) and the task of constructing a model of the medium based on known
characteristics of the source signal and receiver readings (an inverse problem). These tasks are not independent, the solution
ofthe inverse problem usually relies on several iterations of solving the direct problem and making refinements to the model.

It is necessary to take into account its features and limitations, as well as the amount of computing resources it
requires, when choosing a numerical method used for modeling. The finite element method, the finite difference method
and the grid-characteristic method are widely used to simulate the propagation of mechanical waves.

The finite element method [1] uses non-structural meshes, most often tetrahedral, which makes it possible to describe
with good accuracy the boundaries of the modeling area, as well as the inhomogeneities and joints between layers lying
inside it. This method is based on the approximation of the desired function inside each of the cells using a given basis. It
also makes it possible to describe absorbing boundary conditions well using the PML method [2]. Its main disadvantage
is its high resource intensity.

The main idea of the finite difference method is to replace differentiation operations in the simulated equation with
non-differential expressions determined by the difference scheme used. Finite-difference schemes usually use structural
rectangular grids. Their advantage is low resource consumption with good accuracy [3].
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The grid-characteristic method [4; 5] is in many ways similar to the finite difference method. Instead of directly
replacing differentiation with a difference expression, he uses variable substitution, which allows him to move from the
original equation to the transfer equation. This transfer equation is solved by searching for the characteristics along which
the values are transferred. In this paper, a modification of the grid-characteristic method is used, in which, instead of using
characteristics, the transfer equation is solved using difference schemes.

In cases when methods based on structural grids are used for modeling, and in the field of modeling there are boundaries
of complex shape, there is a need to somehow adapt the method to describe them. In this paper, overset curved grids are
used to describe curved boundaries. The choice of this method is due to its good accuracy and low resource consumption.
Earlier in [6] it was shown how this method can be used to describe a free surface of a complex shape, and in this paper
it is used to describe the interface of media.

Materials and methods

1. Physical model. The processes of wave propagation in elastic and acoustic media are studied. Let’s first consider
the elastic medium model. At a point with a radius vector ¥ we denote the displacement vector at time ¢ as u()?,t).
Newton’s second law on the 1 axis will have the form [7]:

o’u, do;
p6t2 _Z ox. ~ /=0
J i

We assume that all offsets are small. Then we can write down Hooke’s law:

Gy = Ciu €

3,3
I=1

k=1,

where Cijkl is called the stiffness tensor, and g; is the Cauchy—Green strain tensor:

1 6141. auj 6141. auj 1 814,. auj
€ == -+ —+ —L | —L+—L |
72\ 0x;  ox Ox, Ox, 2\ ox; ox
The tensors ¢ and € are symmetric and, therefore, contain no more than 6 independent components each. The C,_jk[ ten-
sor is also symmetric, so the number of its independent components does not exceed 21, and it can be written in Voigt

notation [8] as a 6x6 symmetric matrix. In this paper, only isotropic media are considered. In such environments, this
matrix is further simplified and has the form [9]:

A+20 A A 0 0 0
A A2 A 0 0 0
A A A+20 0 0 O
Cy = .
0 0 0 pu 0 0
0 0 0 pu 0
0 0 0 0 0 uj

You can enter the displacement velocity vector at point v as a derivative of the displacement vector in time. The system
of equations will take the form:

P (veo) 47,
g—fzx(v-v)np(vmw@af).

The parameters A and p are called Lame parameters.Together with the density, they set the properties of the medium
at the point. The velocities of longitudinal and transverse waves can be expressed through them as follows:

c, = ’l+2p,
P

The continuity equation and the Euler equation are used to describe acoustic media. Denote the pressure, density and
velocity at a point with a radius vector X B at time t as p, (x,), p, (x,f) and vA4 (x,f) respectively. The equations have the
following form [10]:
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In this paper, we consider problems in which the media are at rest before the propagation of wave disturbances. In
addition, changes in pressure and density caused by wave propagation are assumed to be small compared to their values
at rest. Denote the pressure and density at rest at the selected point as p; (x,f) and p, (x,f), and their changes caused by
propagating waves, as p(x,f) and p(x,f). In the assumptions above, the equations of the acoustic medium can be reduced
to this form:

@-i-LVp =0,
ot p,

op e -
—+p,cV-v=0.
or Po

In the approximation used, the propagation of acoustic waves can be considered as a special case of the propagation
of elastic waves in a medium where only P-waves propagate. The parameters of such an elastic medium will be set by the

A
CP_C E’

c=0,

s

following relations:

p=0.
2. Grid-characteristic method. Consider the application of the grid-characteristic method for solving equations
describing an elastic medium. Let’s collect all the unknowns in these equations into one vector [11]:

q = [vl’ VZ’ v3’ GI]’ 022’ 033’ 023’ 013’ GIZ]'
Let’s put the derivatives for each of the coordinates together. We obtain a matrix equation of the following form:

0 0 0 0
—q-A,—q-A,—q-A,—q=0.
o
We will perform splitting by spatial coordinates [12], that is, we will divide one system into three different ones, one
for each axis. Since initially the system of equations is hyperbolic, it is possible to perform diagonalization of matrices 4

A, =Q,AQ,

where A, is a diagonal matrix consisting of eigenvalues A, and €}, consists of columns equal to eigenvectors A..
Next, you can replace the variable ®=C, g, after which the systems along the axes will take the form:

gcoi +A,0, =0.
Ot

Since the matrices A, are diagonal, we are actually dealing with a set of separate transfer equations for each of the
components o, These individual transfer equations can be solved using the method of characteristics [4], but in this paper
finite-difference schemes are used to solve them.

Thus, the time step of modeling occurs as follows: first, a transition to new variables and transfer equations is
performed, then a time step is performed in these variables, after which a reverse replacement is performed and new
values of the original variables in the grid nodes are calculated.

3. The method of overset grids. The method of overset grids, first described in [13], allows us to combine the
advantages of using curved grids, which make it possible to describe well the boundaries of complex shapes with low
resource consumption of structural grids. When using this method, the main grid is first constructed — a large structural
grid covering the entire modeling area. After that, the areas near the borders that need to be described are covered with
separate curved grids of smaller size. If the areas covered by overset grids make up an insignificant part of the entire
modeling area, then the share of computing resources spent on calculation in overset grids is insignificant, that is, the
addition of overset grids in this case does not lead to a noticeable increase in the resource intensity of the calculation.
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When using overset grids, the time step of modelling is performed in two stages. First, a time step is performed
independently on each of the grids. After that, the values are transferred between the grids. In areas that are covered by
overset grids, the values in the nodes of the main grid are overwritten by the values from the corresponding overset grids.
For each of the overset grids, several nodes closest to the boundary of the layers along all axes are called ghost nodes
(phantom nodes). The values in these nodes are not used to calculate new values in the nodes of the main grid, but on the
contrary, the values in them are overwritten by the values from the main grid [6]. The number of phantom node layers
used is determined based on the difference scheme used, in our case it is equal to two, since a five-point difference scheme
is used.

Since the nodes of the main and overset grids do not match, and for each grid at each time, the function values are
known only in the nodes, interpolation is used to calculate new values during rewriting. Since there are no changes in the
geometry of the computational domain in the problems considered in this paper, the grid nodes remain stationary during
the calculation. This allows you to transfer part of the calculations required for interpolation to the preprocessing stage
to save computing resources during the calculation. During this preprocessing, for all nodes of the main grid, the values
in which will be overwritten, there are nodes of the overset grid, the values in which will participate in the calculation of
new values in the node of the main grid and the summation weight, and, conversely, for the phantom nodes of the overset
grids, the source nodes of the values from the main grid and their weights are searched. Thus, only weighted summation
with known coefficients is performed during the calculation.

Commonly used methods of multidimensional interpolation include the nearest neighbor method, the inverse distance
method [14], the natural neighborhood method (also known as the Sibson method [15]) and local basis decomposition
methods. In the calculation in this paper, the method of local decomposition by radial type functions (Radial Basis
Function, RBF) was used.

Computational experiment. The propagation of wave disturbances from a point source was simulated. The size
of the simulated area was 1080x1320 meters, the upper boundary of the area coincided with the water surface, and the
lower one was at a depth of 720 meters. The source of the disturbances was located near the water surface. Receivers
were also located near the surface. The depth map was taken from the dataset [16]. The density of the shelf medium
was assumed to be equal to 2400 kg /m?, the velocities of longitudinal and transverse waves in it were 2850 m/s and 1650 m/s,
respectively. The speed of waves in the water was assumed to be equal to 1500 m/ s, and the density of water was
1050 kg /m*. The Riker pulse was used as the source signal. The time step of the simulation was 1 ms.

Two main approaches to modelling this area were considered. In the first approach, only one rectangular grid of
180%220x120 nodes with a step of 6 meters along all axes was used. Depending on whether the nodes are above or
below the bottom surface, they were assigned the physical properties of the water or the bottom material. When using
this approach, the interface of the media actually had a ladder structure. In the second approach, an additional curved grid
of 192x234x11 nodes with a step of about 6 meters was used to describe the interface of the media, the shape of which
repeated the interface. Figure 1 shows an illustration of the description of the interface in these ways is shown in Figure 1.

Fig. 1. Modelling of the interface:
a) without using overset grid; b) using overset grid

In this case, there are two ways to use overset grids. You can use two overset grids, each of which will be on one side
of the border and set a contact condition between them, or you can limit yourself to one grid in which there will be nodes
with different properties. In this experiment, the second approach was used, since nodes with different properties are still
present in the main grid, but if the areas on different sides of the border were described by two different main grids, then
using the first approach would be preferable.
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Results. Using the receiver readings obtained during the simulation, synthetic seismograms of the vertical component
of the displacement velocity were constructed (Fig. 2).

a)

b)

Fig. 2. Synthetic seismograms of the vertical component of the displacement velocity:

a) without using overset grid; b) using overset grid

No overset
Single overset

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6
Fig. 3. Comparison of seismogram readings on one receiver

It can be seen that these seismograms are qualitatively the same, but on the seismogram, which was built using
a overset grid to describe the interface of the media, the waves are visible better, and the number of artifacts and noise is
less. Figure 3 shows a comparison of the readings of one of the receivers.

This comparison also confirms the conclusion made: the use of the overset grid makes it possible to reduce the
modelling error, the number of parasitic waves and artifacts and get a more visual picture.

At the same time, the increase in the calculation time when adding the overset grid was insignificant and did not
exceed 10 % of the calculation time using a single grid.
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Discussion and Conclusions. In this study, it is shown that overset grids, previously used to isolate a free boundary
when modelling near the earth’s surface on land, can also be used to describe the interface of media when modelling
seismic exploration of the ocean shelf. Their use makes it possible to increase the accuracy of modelling and reduce
the number of artifacts compared to using only one grid. At the same time, the use of overset grids does not lead to
a significant increase in the resource intensity of the computing complex. In addition, the overset grids do not require
modification of the main computational grid or significant changes to the modelling process. From this we can conclude
that the use of overset grids in such tasks is often justified, since it allows you to increase accuracy with little cost.

The proposed method can also be used to describe the boundaries of geological layers in a solid medium, since there
is no fundamental difference between these tasks. However, additional modifications of the method may be required there
to take into account cases when several interface boundaries meet at one point. The study of this issue has not yet been
conducted, but it can serve as a topic for subsequent works.
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