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1. Introduction
The earthquake is shocks of the ground and earth surface oscillations. Earthquakes reflect the process of
geological transformation of the planet. The main cause of earthquakes are global geological and tectonic forces, at
present their nature is not entirely clear. Temperature inhomogeneity in bowels of the earth causes the appearance of
geological and tectonic forces. Most earthquakes occur on contacts of tectonic plates.
Many scientists around the world are engaged in numerical modeling of seismic stability of buildings. One of the
most advanced method for estimating the seismic resistance of structures is to carry out numerical simulation of
dynamic processes by the finite-element method1. There are also attempts to take into account the non-determinism
of the process of the earthquake initiation, e.g. the usage of statistical models2. These used numerical methods have
drawbacks, i.e. problems with the correct formulation of boundary conditions, which reduces the reliability of
estimates obtained.
In our work, it was decided to use the grid-characteristic numerical method, proposed by Kholodov and
Magomedov3, developed by the team leading by Petrov4,5, and developed on hierarchical grids by Favorskaya6, for
numerical modeling of the influence of earthquakes on the day surface and underground structures. It was previously
successfully applied to seismic resistance estimation7,8. This method explicitly takes into account the internal
features of the determining system of equations and is deprived of the indicated disadvantage. Note that the proposed
approach to the study of seismic resistance by solving a direct elastic wave equation in a heterogeneous medium
with boundaries of complex shape can be applied with the use of other numerical methods for elastic full-wave
simulation in time domain, e.g. discontinuous Galerkin method9,10,11, spectral elements methods12, finitedifference time-domain (FDTD) methods13,14, and finite volume methods15.
This paper is organized as follows. In Section 2 we discuss the mathematical formulation of the problem. In order
to describe wave phenomena in solids we use elastic wave equations. Section 3 deals with the development of the
grid-characteristic method. We consider a sequence of nested hierarchical grids in Section 4. We discuss the
dependence of the destruction on the hypocenter depth in Section 5. Section 6 concludes the paper.
2. Mathematical Formulation of the Problem
In accordance to works5,15,16, the system of equations describing wave processes in a continuous linear-elastic
medium can be written as follows:

ρvt 


σt

   σ T

(1)

ρсP2  2ρсS2    v  I  ρсS2   v    v T 

(2)

с

с

where ρ is the material density; v is the velocity of the motion; σ is the Cauchy stress tensor; P and S are
velocities of P-waves and S-waves, respectively. The damage (fracture) is taken into account by using a criterion
based on the principal stress17.
The grid-characteristic method6 is used on a six sequences of nested hierarchical grids. In Fig. 1, the main grid (1,
in red color) is visible and six other grids (2–7, in green color) are superimposed on it. And the last (7, in yellow
color) thickening grid is divided into 3 grids and surrounds the building.
3. Grid-Characteristic Method
System (1), (2) was solved numerically by applying the grid-characteristic method on structured grids, which
performs well near boundaries and interfaces, where there are discontinuities in the wave propagation velocity and
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(or) density. This method also provides the opportunity of using curvilinear structured and hierarchical grids.
In the two-dimensional case, system (1), (2) can be represented in the form

qt  A1q x1  A2q x2 
0

(3)

where q is the vector composed of two velocity components and three stress tensor components (the stress tensor
is symmetric):
T

q v1, v2 ,σ11,σ22 ,σ12 

(4)

Application of the dimensional splitting method to (3) yields two one-dimensional systems

qt  A j q x j 
0

(5)

Fig. 1. (a) location of 6 nested hierarchical grids around the country house; difference scheme templates: (b) for positive eigenvalues; (c) total
stencil; (d) nested hierarchical grids.

Both systems are hyperbolic and have a complete set of eigenvectors with real eigenvalues. Therefore, both
systems can be rewritten as

qt  Ωj 1Λ j Ω jq x j 
0

(6)

1

where Ω j is the eigenvector matrix and Λ j is a diagonal matrix made up of eigenvalues. For all coordinates,
the matrix Λ has the form (in what follows, the index j is omitted wherever possible)

Λ = diag{cP , cP , cS , cS ,0}

(7)

After changing to the variable w = Ωq , both systems in (4) split into five independent scalar transport
equations:

wt  Λw x = 0

(8)

One-dimensional transport equations are solved by applying the method of characteristics or usual finite-
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difference schemes.
After all components have been transferred, the solution is recovered as

qn 1 = Ω1wn 1

(9)

The research software involves second-order accurate TVD difference schemes18,19, and second-to-fourth order
accurate grid-characteristic schemes8. It is also possible to use boundary conditions with a given boundary velocity
or a given body force, mixed and nonreflecting boundary conditions, and no-slip and free slip contact conditions.
The numerical result presented in this paper were obtained using the third-order accurate grid-characteristic
scheme. For a positive eigenvalue of A j the stencil is shown at Fig. 1b,c. Since the matrices A j in the considered
hyperbolic system (1), (2) has both positive and negative eigenvalues, the total stencil has the form depicted at
Fig. 1c. For correct computations on the same stencil (Fig. 1c) at interior nodes located on boundaries and interfaces
in the integration domain, each grid is supplemented with two layers of additional nodes placed along the boundaries.
This numerical method was implemented in a software package developed by the team leading by Khokhlov4,6,7,8,
as well as by the authors of this paper, i.e. Golubev, Kozhemyachenko and Favorskaya. To set the geometry of the
buildings under consideration, author's scripts in the Python language, developed by Favorskaya, were also used,
which made it possible to significantly save calculation time on preprocessing. The building model consists of
separate rectangular calculation grids4,20, the boundaries between which are set using these preprocessing scripts.
4. Sequence of Nested Hierarchical Grids
Let’s consider a sequence of nested hierarchical grids. The spatial element size in neighboring grids differ by a
factor of 2. Cells on the boundary between two grids with different element size were depicted at Fig. 1d. The grid
with a larger element size includes the nodes marked with solid circles, while the grid with a smaller element size
consists of nodes marked with open circles. The grid with a finer spatial step has internal cells of a type A and cells
generated by two layers of additional nodes (of type B). At the stage of specifying values at additional nodes, these
values at nodes of type 1 are copied from corresponding nodes of the coarser grid, the values at nodes of type 2 are
determined by the linear interpolation on nodes of the coarser grid, and values at nodes of type 3 are determined by
bilinear interpolation on nodes of the coarser grid.
The sequence of nested hierarchical grids (Fig. 1a) makes it possible to calculate the effect on buildings produced
by seismic waves propagating directly from the hypocenter (Fig. 2). Figure 2 shows wave patterns (on different
scales) at the same time. In Fig. 2a, the hypocenter is denoted by a rectangle and the arrow indicates the location of a
five-story building.

Fig. 2. Computation of the effect produced on a five-story building by seismic waves propagating from
the earthquake hypocenter: (a) all integration domain, (b) earth near the five-shore building.

5. Dependence of Destructions on the Hypocenter Depth
We have considered different building models discussed in detail at the work20. Figure 3 present the damage
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patterns in buildings located at a distance of (a,d,g) 4000 m, (b,e,h) 2000 m and (c,f) 1000 m from the earthquake
epicenter. Figures 3a,b,c and 35d,e,f correspond to five-story buildings, while Figs. 3c,f corresponds to the
skyscraper. The hypocenter was at a depth of 3000 m in 3a,b,c, and at a depth of 6000 m in 3d,e,f,g,h.

Fig. 3. Damage in different high-rising building types located at the different distances from the epicenter, the hypocenters were at the different
depths: (a) five-story building, distance 3 km, depth 4 km; (b) five-story building, distance 2 km, depth 3 km; (c) five-story building, distance 1
km, depth 3 km; (d) five-story building, distance 4 km, depth 6 km; (e) five-story building, distance 2 km, depth 6 km; (f) five-story building,
distance 1 km, depth 6 km; (g) skyscraper, distance 4 km, depth 6 km; (h) skyscraper, distance 2 km, depth 6 km.

It was obtained that, for smaller depths, the amount of destruction in the foundation of a building largely depends
on its distance from the epicenter. This dependence holds irrespective of the number of floors or the wall thickness.
The destruction of walls at upper floors depend on details of elastic wave propagation in a particular building and,
hence, on the number of floors, the wall thickness, and the localization and features of the earthquake under
consideration. The dependence on the epicenter distance is generally nonlinear. We also note that the work extends
the regularities obtained in article6 and shows that these regularities are also being applicable to high-rise buildings,
including skyscrapers.
Note that the calculation with the skyscraper and depth of the earthquake source of 6 km lasted 2 months 20, and
visualization of the calculation results at one time step using the open software Paraview21, performed by Breus,
required no less than 16 GB of random access memory.
6. Conclusions
Based on the numerical simulation of reflection and diffraction of elastic waves arriving from an earthquake
hypocenter, the amount of damages at complex heterogeneous structures, such as multi-story buildings, was
analyzed and its dependence on structural parameters and the focal depth was investigated. All calculations were
performed using the grid-characteristic method on a sequence of nested hierarchical grids.
Acknowledgements
The reported study was funded by RFBR according to the research project № 18-01-00526 A. This work has been
carried out using computing resources of the federal collective usage center Complex for Simulation and Data
Processing for Mega-science Facilities at NRC “Kurchatov Institute”, http://ckp.nrcki.ru/.

310

Alina Breus et al. / Procedia Computer Science 154 (2019) 305–310
Author name / Procedia Computer Science00 (2018) 000–000

References
1. Kralik J. Risk-based safety analysis of the seismic resistance of the NPP structures. Proceedings of the 8th International Conference on
Structural Dynamics, EURODYN 2011, Leuven, Belgium, 4-6 July 2011.
2. Kralik J. Probabilistic seismic assessment of nuclear power plant safety. 11th International Conference on Vibration Problems, Lisbon,
Portugal, 9-12 September 2013.
3. Magomedov KM, Kholodov AS. Grid characteristic methods. Moscow: Nauka; 1988.
4. Favorskaya AV., Zhdanov MS., Khokhlov NI, Petrov IB. Modeling the wave phenomena in acoustic and elastic media with sharp variations
of physical properties using the grid-characteristic method. Geophys Prospect 2018;66(8):1485-1502.
5. Favorskaya AV, Petrov IB. Grid-characteristic method. In: Favorskaya AV, Petrov IB, editors. Innovations in wave processes modelling and
decision making, SIST Series, 90, Springer; 2018. p. 117-160.
6. Petrov IB, Favorskaya AV, Khokhlov NI. Grid-characteristic method on embedded hierarchical grids and its application in the study of
seismic waves. Comput Math Math Phys 2017;57(11):1771-1777.
7. Golubev VI, Kvasov IE, Petrov IB. Influence of natural disasters on ground facilities. Mathematical Models and Computer Simulations
2012;4(2):129-134.
8. Golubev VI, Petrov IB, Khokhlov NI. Numerical simulation of seismic activity by the grid-characteristic method. Comput. Math. Math.
Phys. 2013;53(10):1523–1533.
9. De Basabe JD, Sen MK, Wheeler MF. The interior penalty discontinuous Galerkin method for elastic wave propagation: grid dispersion.
Geophys J Int 2008;175(1):83-93.
10. Dumbser M, Käser M. An arbitrary high-order discontinuous Galerkin method for elastic waves on unstructured meshes ─ II. The threedimensional isotropic case. Geophys J Int 2006;167(1):319-336.
11. Wilcox LC, Stadler G, Burstedde C, Ghattas O. A high-order discontinuous Galerkin method for wave propagation through coupled elastic–
acoustic media. J Comput Phys 2010;229(24):9373-9396.
12. Komatitsch D, Vilotte JP, Vai R, Castillo-Covarrubias JM, Sanchez-Sesma FJ. The spectral element method for elastic wave equationsapplication to 2-D and 3-D seismic problems. Int J Numer Methods Eng 1999;45(9):1139-1164.
13. Moczo P, Robertsson JO, Eisner L. The finite-difference time-domain method for modeling of seismic wave propagation. Adv Geophys
2007;48:421-516.
14. Graves RW. Simulating seismic wave propagation in 3D elastic media using staggered-grid finite differences. Bull Seismol Soc Am
1996;86(4):1091-1106.
15. LeVeque R. Finite volume methods for hyperbolic problems. Cambridge University Press; 2002.
16. Carcione JM The wave equation in generalised coordinates. Geophysics 1994;59:1911-1919.
17. Favorskaya A, Golubev V, Grigorievyh D. Explanation the difference in destructed areas simulated using various failure criteria by the
wave dynamics analysis. Procedia Computer Science 2018;126:1091-1099.
18. Harten A. High resolution schemes for hyperbolic conservation laws. J Comput Phys 1997;135(2):260-278.
19. Roe PL. Characteristic-Based Schemes for the Euler Equations. Annu Rev Fluid Mech 1986;(18):337-365.
20. Favorskaya A, Golubev V, Khokhlov N. Two approaches to the calculation of air subdomains: theoretical estimation and practical results.
Procedia Computer Science 2018;126:1082-1090.
21. Paraview. Available online at: https://www.paraview.org/

