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SUMMARY 

With the purpose of studying the regularities of the stress-strain state in the vicinity of the 
earthquake focus, taking into account the anisotropy of the rigid rock’s properties of the 
lithosphere, we have carried out numerical modeling of the distribution of displacements and 
stresses in different directions. We have carried out the investigation on the basis of the 
variation finite element method for elastic multilayer orthotropic shells of rotation, taking 
into account shear compressibility. We have established that some general characteristic 
features of the stress-strain state can be obtained for the area of the elastic anisotropic 
lithosphere in the vicinity of the earthquake focus. We have shown that the distributions of 
displacements and stresses in the vicinity of the earthquake focus in different directions 
depend on the thickness of the sedimentary rock layer and the thickness of the crystalline 
basement rocks of the lithosphere, as well as on the distribution of the rigidity of different 
rocks in different directions. Changes in the rigidity of rocks in the shear direction have the 
greatest influence on the quantitative and qualitative changes in the distribution of 
displacements and stresses. 
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Introduction 
 
Nowadays, it is well known that occurrence of earthquakes is often associated with active tectonic 
movements along the faults. As a result of the engagement of the opposite sides of the fault, which 
move mutually, in the massif of solid rocks around the blocked section of the fault, elastic 
deformation energy accumulates, because the relative movement of rocks near this section continues. 
When the stress around this section of the fault reaches a critical value, in some local area, 
conventionally called the focus of the earthquake, elastic discharge of the accumulated stresses 
occurs. This process is accompanied by deformation of the territory adjacent to the focus of the 
earthquake, as well as the transfer of seismic and thermal energies (Tjorkot, Shubert, 1985; Sherman, 
2005; Karato, 2008). Traditionally, in the investigation of problems related to the occurrence of 
earthquakes and their consequences, the main attention is directed to the finding of criteria for 
predicting earthquakes and finding patterns of deformation, destruction of adjacent territories and 
propagation of seismic waves based on certain models around earthquake focuses. For example, 
model of avalanche-unstable cracking, dilatant-diffusion model, consolidation model, stick-slip model 
and other well-known models (Sherman, 2005; Spirtus, Savchuk, 2006; Burov, 2010; Wright, 2016), 
which characterize the occurrence of earthquakes in an elastic fractured fault-block environment. 
According to these models, deformation and seismic processes occurring in the vicinity of the 
earthquake focus have, as a rule, chaotic character, in which it is difficult to distinguish any stable 
phases. As noted by (Sherman, 2005), none of the known models of earthquake describes the 
regularities of the spatiotemporal migration of seismic events within the elastic fractured medium, 
which involved to the deformation. Thus, it is interesting to investigate the regularities of the stress-
strain state in the vicinity of the earthquake focus, taking into account the anisotropy of the fractured-
elastic medium. In this work, on the base of variation finite element method, for multilayered elastic 
orthotropic shells of rotation (Karnauhov, Kirichok,1986), taking into account shear compressibility 
(Lubkov, 2011), we will carry out modeling of the stress-strain state of the upper, elastic layer of the 
lithosphere that arises around the earthquake source with shear along the fault extension. This 
modeling will be carrying out for the typical composition of rigid geological rocks characteristic for 
upper, elastic layer of the lithosphere: sandstones, granites and basalts, taking into account its 
anisotropy. We will consider the layered fragments of the elastic part of the lithosphere adjacent to the 
active fault line along which the seismogenic shifting of the geological rock massif took place.                              

Mathematical formulation and solving problem 
 
We will consider layered fragments of the elastic part of the lithosphere, consisting of typical rigid 
geological rocks, such as: sandstones, granites and basalts. To model the stress-strain state in the 
considered anisotropic layers of the elastic lithosphere, we will use the theory of multilayer 
orthotropic elastic shells taking into account shear compressibility (Lubkov, 2011). We will consider 
orthotropic shells in the curvilinear coordinate system ( , , )s zϕ . Here s - the coordinate in the 
longitudinal direction of the shell surface, ϕ - the coordinate in the angular (shear) direction of the 
shell surface; z - the coordinate along the shell thickness. The displacements along the 
coordinates , ,s zϕ  for the j-layer of the shell can be presented as: 

0 1( , ) ( , )ju u s zu sϕ ϕ= + ; 

0 1( , ) ( , )jv v s zv sϕ ϕ= + ;                                                                                                                     (1) 

0 1( , ) ( , )jw w s zw sϕ ϕ= + ; 

here 0 0 0, ,u v w  the components of the displacement of the median surface of the shell; 1 1,u v  are the 
angles of rotation of the normal to the median surface relative to the coordinate lines ϕ = const, s = 
const, respectively, 1w the compression of the normal element to the median surface. Let us compose 
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the Lagrange functional, which is equivalent to the standard formulation of the elastic problem for a 
three-layer orthotropic shell taking into account shear stiffness (Lubkov, 2011), which expresses the 
potential mechanical energy of the considered section of the lithosphere (Lubkov, 2011): 
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Here ER – the average radius of the Earth; S – the surface area of the considered area; jh – the 

thickness of the j-layer of rocks of the area; j
αβε – the components of the deformation tensor of the j-

layer; jEαβ - the elastic modulus of the j-layer of the area; jGαβ - the components of the shear 

modulus of the j-layer of the area; ,T Tα αβ - the forces acting on the contour of the area in the 

tangential directions to its surface; Qα - the forces acting on the contour of the area in the directions 
perpendicular to its surface. The boundary conditions of the problem consist in the displacement of a 
certain segment of the left side of the considered area by a certain amount and the rigid fixation of the 
other sides of the area. To solve this deformation problem, we will use the finite element method, 
based on the Lagrange variation principle, which expresses the minimum of the potential mechanical 
energy of the system (Lubkov, 2011): 

0 0 0 1 1 1( , , , , , ) 0W u v w u v wδ = .                                                                                                              (3) 

As a result, the components of displacements: 0 0 0 1 1 1, , , , ,u v w u v w  can be determined in the all nodal 
points of the finite element net. From the found nodal components of displacements, the components 
of displacements, deformations, stresses and other quantities can be determined at the any point of the 
finite element net, so in the any point of considered area of the elastic lithosphere (Lubkov, 2011). 

Modeling of the stress-strain state of lithosphere near the earthquake focus  

In modeling, we will consider the stress-strain state that occurs in the upper, elastic layer of the 
section of lithospheric block with linear sizes of 100 by 100 km, which is adjacent to the active fault 
zone. Let us assume that as a result of elastic discharging of the shear stresses, a rupture occurs in the 
blocked part located in the middle of the left side of this section, adjacently to the fault line. This 
rupture leads to the displacement of the unloading segment with 5 km long to the value of 1 m and, 
accordingly, to the deformation of the considered section of the elastic lithosphere. We will consider 
anisotropic layered fragments of the elastic lithosphere with different degrees of rock fracturing. 
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Figure 1. а, b, c, d  Distribution of vertical displacements of the section of elastic lithosphere 
consisting of the layer of sandstones 1010 , 0,3s(B Pа )ϕ ϕν= = – with 14 km thickness, a layer of 

granites 102 10 , 0,2s(B Pа )ϕ ϕν= ⋅ = - 8 km, basalts 105 10 , 0,27s(B Pа )ϕ ϕν= ⋅ = - 8 km: (a) - 
corresponds to the case described above; (b) - vertical displacements when changes in rigidity of 
sandstones - 92 10 , 0,3s s(B Pа )ϕν= ⋅ = ; (c) - vertical displacements when changes in rigidity of 

sandstones - 92 10 , 0,3z z(B Pа )ϕν= ⋅ = ; (d) - vertical displacements when: sandstones have the 

properties 102 10 , 0,25i ij(B Pа )ν= ⋅ =  ;granites 98 10 , 0,2i ij(B Pа )ν= ⋅ = , 

basalts 102 10 , 0,27 .i ij(B Па )ν= ⋅ =  Here  iB - Young's modules and ijν - Poisson's ratios in 
different directions. 

                

               
Figure 2. а, b, c, d  Stress distribution of anisotropic elastic section of the lithosphere, consisting of 
the layer of sandstones 92 10 , 0,3s(E Pа )ϕ ϕν= ⋅ = with the thickness of 14 km, a layer of 

granites 98 10 , 0,2i ij(B Pа )ν= ⋅ = - 8 km, basalts 102 10 , 0,28i ij(B Pа )ν= ⋅ = - 8 km: (a) - 

longitudinal stresses ss( )σ ; (b) - shear stresses( )ϕϕσ ; (c) - vertical stresses zz( )σ ; (d) - bending 

stresses z( )ϕσ .  
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Conclusions 

Analysis of the results of modeling based on the variation finite element method for multilayer 
orthotropic shells of rotation taking into account shear stiffness shows that some general characteristic 
features of the stress-strain state can be detected in the area of the elastic anisotropic lithosphere in the 
vicinity of the earthquake focus. We have established that the distributions of displacements and 
stresses in the vicinity of the earthquake focus in different directions depend on the thickness of the 
sedimentary rock layer and the thickness of the crystalline basement rocks of the lithosphere, as well 
as of the rigidity distribution of different rocks in different directions. An increasing of the thickness 
of the sedimentary rock layer and, accordingly, a decreasing of the thickness of the crystalline 
basement layers leads to increasing of the displacement amplitudes and decreasing of the stress 
amplitudes. Changing of the rocks rigidity in the shear direction have the greatest impact on the 
quantitative and qualitative changes in the distribution of displacements and stresses. Next in 
importance is the rigidity of the corresponding lithosphere rocks in the vertical direction. A decreasing 
of rigidity in this direction leads to a significant increasing of the amplitudes of vertical 
displacements. The smallest influence on the distributions of displacements and stresses in the vicinity 
of the earthquake focus is connected with the rigidity changes of geological lithosphere rocks in the 
longitudinal direction. The qualitative pictures of the distribution of the shear and vertical 
displacements and stresses in the longitudinal, shear and vertical directions are similar. At that the 
largest displacements and stresses are concentrated near the fault unloading line and rapidly decrease 
in the transverse direction. Longitudinal (transverse to the unloading line) displacements and bending 
stresses have significantly smaller amplitudes comparatively other displacements and stresses, but 
they are more evenly distributed over the entire area of the considered area and change little with 
changing of rocks rigidity in different directions. 
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