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Abstract

Numerical modeling of dynamic wave processes in heterogeneous media allows to investigate the earthquake stability of
different constructions. The aim of this work is to study the earthquakes' impact on the ground buildings and underground
facilities. The use of grid-characteristic method makes possible to take into account the physics of arising wave processes. The
use of systems of hierarchical grids allows to perform a calculation of seismic waves directly from the earthquake source to the
ground buildings and underground facilities. The arising area of cracks in this ground building (two-storied houses) at different
times from different types of seismic waves is studied. Also the impact of earthquake on the underground facilities is considered.
The dynamical arising of cracks and destruction into the underground facilities made from different types of reinforced concrete
due to the impact of different types of seismic waves is investigated in this paper. The results demonstrate a possibility of
investigation earthquake stability of underground facilities and living buildings using modeling of seismic waves’ propagation
directly from the earthquake centers.
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1. Introduction

At the present time, the investigation of seismic stability of surface facilities is the study of great importance. The
numerical simulation of seismic problems using the finite difference schemes on triangular and tetrahedral grids is
discussed in researches'”. Also a pseudospectral method is used to solve this class of problems®"® and a method of
spectral elements''™" is applied as well. The use of grid-characteristic'**' method can be found in'® in dealing with
seismic problems.

In this paper, for the numerical simulation of earthquake impacts on the surface and underground facilities the
grid-characteristic method on hierarchical grids was performed. The advantages of using this technique deal with the
accounting of all the arising wave processes and correct statement of the boundary conditions in interface conditions.
The use of hierarchical meshes makes it possible to simulate all wave processes directly from the earthquake source
to the object under consideration.

2. Problem definition

The following system of equations describing the state of infinitesimal volume of continuous linear elastic

: 14-22 -
medium is solved.

o= (V o) (1)
ato_:p(clz]_2Cf)(v.v)1+pcf(V®V+(V®V)T) )

In Eq. 1,2 p is a density, v is a velocity, ¢ is the stress tensor, ¢, is a speed of longitudinal waves (P-waves),

and c, is a speed of transverse waves (S-waves). The arising damaged areas (cracks) are taken into account through

the use of von Mises criterion®.

The three different problem definitions are considered. The first one is defined by the size of the region of
integration 7 x 7 km®. In the second one and third one, the size of region of integration was 9 x 7 km”. On the ground
surface, the condition of the free boundary is used. Also the non-reflective boundary conditions are used on the sides
of the region of integration. The earthquake in all of the cases was located at a depth of 3 km along the OY axis and
centrally on the horizontal OX axis. In all of these problem definitions, the ground with the following elastic
properties is considered: the speed of longitudinal waves was equal to 4500 m/s, the speed of transverse waves was
equal to 2250 m/s, and density was equal to 2500 kg/m’ . The concrete with the following elastic properties is
considered: the speed of longitudinal waves was equal to 3650 m/s, the speed of transverse waves was equal to
1825 m/s, and density was equal to 2300 kg/m’ . The time interval was equal to 10~ s in all of the three problem
defections. 150 000 time steps were calculated in the case of the first and the second problem definitions. 200 000
time steps were calculated in the case of the third problem definition.

In the first problem definition, the surface buildings were placed directly in the epicenter of the earthquake. In the
second problem defection, the building was placed in the 1 km to the right side of the earthquake epicenter. The
living buildings with a base of 12 m, ceiling height of 3 m, and the foundation depth of 3 m are considered. The
maximum principal stress o,,,, in the concrete appearing in von Mises criteria” was equal to 1 MPa. Into the
ground around the building, the system of six nested hierarchical grids shown in Fig. 1 was set. In the largest grid
space step was equal to 4 m, in the smallest grid space step was equal to 0.0625 m. In the neighboring grids space
steps were differed by 2 times.

In the third problem definition the underground facilities were considered. The underground facilities were buried
at a distance of 600 m, and remote on 1 km to the right side of the earthquake epicenter. o,,,, being was equal to

1 MPa, 2 MPa, and 5 MPa. Inside the underground facilities there is free boundary condition with imaginary points
allowing to carry out the method of calculation inside the region of integration for the points placed at the boundary.
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Around the underground facilities, the system of 6 nested hierarchical grids is used. One can find the detailed
description of the grid-characteristic method in'*?'

Fig. 1. The system of nested hierarchical grids.

3. The boundary conditions with imaginary points

The boundary conditions with imaginary points for the transport equation, as well as for the case of setting of the
Riemann invariant values at the boundary, are considered in*>. In this paper, the condition of a predetermined

pressure P(t) is used realized using the imaginary points and therefore allows through-calculations within the area

that is not included in the region of integration. These through-calculations in some cases allows to simplify the
problem definition under consideration or reduce the time needed to perform the calculation on the given hardware.
In the case of zero-pressure setting, the free-boundary conditions are obtained.

The following formulas are used to correct the values in the adjusted imaginary points. For the three-dimensional
case, the correction is carried out using the following formulas for the OX direction:

V, =V, (3)
vV, =V, “)

o, = -0’ 0 0 ®)
-o’ 0 0

o, = -0, 0 0 6)
-0y 0 0

Vo=V, (7

V.=V, (®)
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0 -0’ 0
6,=|-0 -2P(t)-o -0 )
0 -o’ 0
0 -y 0
6, =|-0) —2P(t)—0'222 -o7 (10)
0 -7 0

For the OZ direction the formulas take the following form:

Vo=V, (11)
vV, =V, (12)
0 —0'112 0
o, = —0112 —2P(t) - 0'122 —0'123 (13)
0 —0'123 0
0 -y 0
¢, =|-o) -2P(t)- oy’ -o7 (14)
0 -7 0

In the formulas (3) - (14), the zero subscript index denotes the first imaginary point, a subscript index minus one
denotes a second imaginary point, and subscripts 1 and 2 denotes the first and the second internal points in a
direction away from the boundary. Superscripts denote the components of the symmetric stress tensor and indicated
for a given pressure at the boundary.

Then the method of calculation for the inner points is carried out (through calculation). Note that the calculated
wave processes inside the cube (square) crossed out from the region of integration using the imaginary points’
boundary do not affect on the wave processes into the region of integration.

4. Seismic waves propagation from the earthquake hypocenter

The seismic waves’ propagation from the hypocenter of the earthquake at 0.3 s is shown in Fig. 2a. One can see
the generated P-wave (longitudinal wave) and S-wave (transverse wave).

Fig. 2. (a) seismic waves from the hypocenter of the earthquake, time moment 0.3 s; (b) reflection of the P-wave from the Earth surface, time
moment 0.8 s; (c) reflection of the S-wave from the Earth surface, time moment 1.5 s.
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The wave pattern at 0.8 s is shown in Fig. 2b. The P-wave reflects from the Earth surface and a reflected PP-
wave is formed (a longitudinal wave that appears, when the P-wave reflects) and a converted PS-wave (a transverse
wave that appears, when the P-wave reflects). And one can see the reflection of the S-wave from the Earth surface at
1.5 s and the formation of the converted SP-wave (the longitudinal wave that appears, when the S-wave reflects) and
the reflected SS wave (the transverse wave appears, when the S-wave reflects) in Fig. 2c.

5. The impact on living buildings

One can see that the amplitude of the P-wave directly into the earthquake epicenter is close to zero. As a result in
the case of the first problem definition, a whole impact on the ground structure occurs due to the S-wave
propagation. The damage that has occurred in the living building as a result of this impact is shown in Fig. 3a.

In the case of the second problem definition, both the P-wave and the S-wave impact on the living building. The
impact of the P-wave at 0.69 s is shown in Fig. 4. The damage that has occurred in the living building as a result of
this impact is shown in Fig. 3b.

The impact of the S-wave at the 1.43 s is represented in Fig. 5. The total damaged areas in the living building are
shown in Fig. 3c.

The gray scale shows the velocity modulus in Fig. 2, 4, 5. It can be seen that, when the living building is located
directly into earthquake epicenter, the damaged areas are generally localized symmetrically. In the case of the
second problem definition one can see more damaged areas near the side of the living building that is closer to the
earthquake epicenter. Also in the case of the second problem definition, it can be seen that the most of the damage
occurs as a result of the action of the S-wave.

a

Fig. 3. (a) the damage in the living building, the first problem definition; (b) the damage in the living building due to the P-wave, the second
statement; (c) the total damage in the living building, the second statement.

Fig. 4. The impact of the P-wave on the living building. The second statement. The time moment 0.69 s.
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Fig. 5. The impact of the S-wave on the living building. The second statement. The time moment 0.69 s.
6. The impact on underground facilities
The underground facilities are affected by all of 6 types of waves: P-waves, S-waves, reflected PP-waves,
converted PS-waves, converted SP-waves, and reflected SS-waves. The impact of the P-wave on the underground

facilities at 0.55 s is shown in Fig. 6. The damage resulting from this action for the various maximum stresses that
appear in the von Mises criterion® is shown in Fig. 7.

Fig. 6. The impact of the P-wave on the underground facilities. The time moment 0.55 s.

a

d = oa o
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Fig. 7. The damage in the underground facilities due to the P-wave impact for various maximum principal stresses.

The impact of the PS-wave on the underground facilities at 0.98 s is shown in Fig. 8. The damage resulting after
this action for the various maximum stresses is shown in Fig. 9.
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Fig. 8. The impact of the PP-wave on the underground facilities. The time moment 0.98 s.
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Fig. 9. The damage in the underground facilities due to the P-, PP-, PS-waves impact for various maximum principal stresses.

The impact of the S-wave on the underground facilities at 1.12 s is shown in Fig. 10. The damage resulting after
this action for the various maximum stresses is shown in Fig. 11.

d b

=

Fig. 10. The impact of the PP-wave on the underground facilities. The time moment 1.12 s.
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Fig. 11. The damage in the underground facilities due to the P-, PP-, PS-, S-waves impact for various maximum principal stresses.
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The impact of the SP-wave on the underground facilities at 1.51 s is shown in Fig. 12. The damage resulting after
this action for the various maximum stresses is shown in Fig. 13.

/

Fig. 12. The impact of the PP-wave on the underground facilities. The time moment 1.51 s.

s e N 2
Fig. 13. The damage in the underground facilities due to the P-, PP-, PS-, S-, SP-waves impact for various maximum principal stresses.

The impact of the SS-wave on the underground facilities at 1.67 s is shown in Fig. 14. The total damage for the
various maximum stresses is shown in Fig. 15.

a

Fig. 14. The impact of the PP-wave on the underground facilities. The time moment 1.67 s.
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Fig. 15. The total damage in the underground facilities for various maximum principal stresses.

Maximum value of the principal stress was equal to 1 MPa in Fig. 7a, 9a, 11a, 13a, 15a. Maximum value of the
principal stress was equal to 2 MPa in Fig. 7b, 9b, 11b, 13b, 15b. Maximum value of the principal stress was equal
to 5 MPa in Fig. 7c, 9¢c, 11c, 13¢, 15¢c. The gray scale shows the velocity modulus in Fig. 6, 8, 10, 12, 14. In Fig. 6b,
8b, 10b, 12b, 14b, while the wave patterns are shown in an enlarged scale as compared to Fig. 6a, 8a, 10a, 12a, 14a.

It can be concluded that the destruction in the underground facilities begins to form at the corners of the structure.
The greatest damage occurs when the S-wave is affected, as well as by the reflected SS-wave. The damage due to
the impact of the P-wave, and the reflected PP-wave, and the converted PS-wave is not yet observed in the case of 5
MPa maximum value of the principal stress.

7. Conclusions

This paper demonstrates the possibility of numerical modeling the impact of seismic waves propagated from
earthquakes’ hypocenters to ground buildings and underground facilities located near the surface of the Earth. This
possibility is achievable due to the use of systems of nested hierarchical grids around the considered surface and
underground structures. Using these nested hierarchical grids can reduce the computational complexity of the task,
reduce the amount of Random Access memory (RAM) and the calculation time. The article also demonstrates the
advantages of taking into account different types of seismic waves to determine seismic stability of ground and
underground objects. This approach allows to analyze the dynamics of the resulting damage and the dependence of
the resulting fractures from the types of the impacting seismic waves, the position of the ground or underground
structures, the material and construction details of the ground or underground structures.

The arising area of cracks in this ground building (two-storied houses) at different times from different types of
seismic waves is studied. Also the impact of earthquake on the underground facilities is considered. A whole impact
on the ground structures in earthquakes’ epicenters occurs due to the S-wave propagation. The areas of destructions
into the underground facilities are caused by all of types of seismic waves: P-waves, S- waves, reflected PP- waves,
PS- waves, SP- waves, and SS-waves. The dynamics of arising of areas of destructions into living building and
underground structures depends on the material and the design of these structures. And the seismic waves might
produce more destructions into the more durable constructions due to the details of the construction.
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