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The results of modern studies of the earthquakes impact indicate that the soil layers 
located under buildings and structures can significantly transform seismic wave pass-
ing through their thickness and have a catastrophic effect on these objects. Hence, the 
study of wave processes in soil massifs is extremely important and relevant. It is known 
that soils are characterized by significant heterogeneity, which affects the spectral 
characteristics of seismic waves, so this should be taken into account when analyzing 
wave fields in the soil layers. In this paper, it is proposed to describe the dynamics of 
an inhomogeneous soil massif within the model of an elastic continuum with oscillat-
ing non-interacting dissipative inclusions. To examine vibrations in the layer of finite 
thickness with a free surface and harmonic perturbation applied to its lower edge, it 
is formulated the boundary value problem for this medium. Based on the solution of 
this problem, the influence of inclusions on the characteristics of waves is analyzed. It 
is found out that the natural frequency of inclusions significantly affects the transfer 
function, which characterizes the amplification of the displacements on the free surface 
relative to the displacements at the lower boundary of the layer, i. e. when the natural 
frequency of inclusions increases, near the leading resonant peak additional resonant 
frequency appears, while for high frequencies a degeneration of resonant frequencies is 
observed. In the case when the natural frequencies of the inclusions have a non-discrete 
distribution with two separate frequencies, the effect of the inclusions is manifested 
at low-frequency oscillations, and in the high-frequency region only the resonant am-
plitude decreases. The approach, which uses the model with oscillating inclusions to 
the analysis of layer response to seismic disturbances, is promising for seismic design 
and construction.

Key words: amplitude-frequency characteristics, resonant phenomena, models of 
heterogeneous media, ground response modeling to seismic load.

Introduction. Analysis of seismic effects of earthquakes (degree and regularity of damage 
to buildings) allowed one to conclude that the intensity of oscillations and subsequent dama-
ge to weakly consolidated soils may significantly exceed these parameters in neighboring 
regions, such as those composed of dense rocks. Depending on the type, composition and 
thickness of the soil layers, oscillations at some frequencies may be amplified, while at other 
frequencies they may be suppressed or even completely absorbed. When the frequency of 
soil oscillations coincides with the natural frequency of buildings, resonant phenomena are 
detected, which are the most common causes of damage to buildings [Pratt et al., 2017]. Assess-
ment of the impact of local soil conditions in the region on the seismic intensity distribution is 
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the main problem of seismic microzoning [Aleshin, 2010]. Despite the large number of works 
in this field of research, the problem of adequate prediction of soil behavior under seismic 
loads remains one of the most pressing challenges of seismology. First of all, this is due to 
insufficient study of the mechanism of influence of physical and mechanical soil properties 
on the deformation under seismic loading and dynamic properties that characterize the soil 
as a medium for the propagation of oscillations.

Evidence that seismic action is affected by soil conditions rather than the magnitude or 
energy of an earthquake is the aftermath of the 1925 Quebec earthquake in the Lawrence Val-
ley, Canada. The most serious damage and destruction of buildings was recorded at a distance 
of more than 100 km from the source of the earthquake. Note that the buildings were located 
on the loose sediments of the St. Charles River. The damage inspection revealed that the steel 
structures of the granary were bent, the concrete floors were torn down, and the foundations 
of the reinforced concrete columns were destroyed. At the same time, at a distance of about 
800 m from the epicenter of the earthquake, residents of a large hotel built on a rocky slope, 
almost did not feel the earthquake. The local intensity on loose sediments was 8 points, and 
on rocky soils ― 3 points according to the Modified Mercalli Intensity Scale [Smith, 1962]. 
Thus, the difference in the behavior of structures due to soil conditions reached 5 points.

At the initial stage of research on the seismic effects of earthquakes, the influence of physi-
cal and mechanical properties of the soil on the intensity of earthquake manifestations was 
underestimated [Bovenko, Dontsova, 1987; Khalturin et al., 1990]. These works used a simp-
lified approach (differentiation of soils by their seismic properties) and obviously required 
further improvement.

The problem of amplification of seismic signals is the main task of the ground respond 
analysis [Kramer, 1996; Wolf, 1985]. It has been studied by various quantitative methods, in-
cluding the technique of transfer functions based on the linear concept of elastic soil [Kramer, 
1996; Gazetas, 1982; Rezaie et al., 2018; Kendzera et al., 2020]; equivalent linear approxima-
tion as the simplest generalization of a purely linear approach; a nonlinear approach [Kausel, 
Roёsset, 1984] using nonlinear stress-strain relationships; multidimensional generalizations 
of the above methods, etc.

Nowdays, modeling methods are used to solve the problems of predicting soil behavior 
during an earthquake [Kramer, 1996; Yoshida, 2015; Kokusho, 2017], which are based on 
the approximation of real soils by mathematical models that take into account the struc-
tural properties of soils and patterns of their behavior under seismic loading. Predicting soil 
behavior during an earthquake is complicated by insufficient knowledge of soil properties 
under seismic loading.

The purpose of the work is a theoretical estimation of the amplitude-frequency characteri-
stics of an inhomogeneous soil layer with oscillating inclusions under seismic loading on its 
base. Particular attention is paid to identifying the effects caused by taking into account the 
dynamics of inhomogeneities.

Mathematical model of the soil taking into account the oscillatory dynamics of inclu-
sions. During modeling wave processes in the layer of heterogeneous elastic medium [Ken-
dzera et al., 2020], the dynamic equation of state with temporal and spatial nonlocalities was 
used. This generalized model allows one to describe the dynamical properties of structured 
media taking into account the correlation between the elements of the structure, as well as 
the phenomena of self-organization [Danylenko et al., 2011].

Another technique to the medium’s structure description is based on the incorporation 
of additional volumetric forces, caused by structural element movement, in the equations of 
motion. Among the models of this approach, it is worth to indicate the models of moment 
continuum theories [Cosserat, Cosserat, 1909; Green, Rivlin, 1964; Mindlin, 1964; Nowacki, 
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1970, 1986; Eringen, 1999; Erofeev, 2003; Maugin, Metrikine, 2010]. In the continual approach, 
these theories take into account the asymmetry of the stress tensor and describe the auxiliary 
degrees of freedom of the generalized microvolume of the medium. It is noteworthy that these 
degrees of freedom are associated with deformations and rotations of microstructural elements.

In this research we are interested in the model for a heterogeneous medium representing 
the soil as a structure in which heterogeneity is formed by different inclusions distributed in 
carrying uniform medium. It is considered the inclusions which interact with carrying medium 
only and do not interact with each other. It is assumed that these inclusions form an auxiliary 
quasi-continuum that interacts with the carrying classical continuum. Such models for media 
with inclusions have been developed by a number of experts to search the peculiarities of wave 
fields in natural and artificial materials with microstructure [Slepjan, 1967; Palmov, 1998; Milton, 
Willis, 2007; Mishuris et al., 2019]. The detailed studies of features of wave fields at different 
properties of carrying medium and inclusions have been carried out by V.A. Danylenko and 
S.I. Skurativskyi in a number of works [Danilenko, Skurativskyi, 2008, 2012a, b, 2016, 2017; 
Skurativsky, 2014; Skurativskyi, Skurativska, 2018; Skurativskyi et al., 2019].

Based on the basic principles of continuum theory, we postulate that the model of elastic 
medium with inclusions [Palmov, 1998; Danilenko, Skurativskyi, 2008, 2012a, b] consists of 
an infinite number of inclusions. In wave processes, they behave like oscillators. Their size l
is much smaller than the characteristic size of the problem l << L, as well as the wavelength
l << l*. Each inclusion as a separate oscillator is characterized by the natural frequency W , 
relaxation time t, and moves under acting the force depending on the difference of displa-
cements between carrying medium and oscillator. The structure of quasicontinuum is cha-
racterized by the distribution m (W) of oscillators with respect to the natural frequency W . 
It is obvious that the total mass of oscillators mdV placed in microvolume δV is evaluated by 
integration over all natural frequencies of the oscillators

	

( )
0

,Vm m V d
∞

d = ρ W d W∫
	

(1)

where ρ is the carrying medium density.
Then the equation of motion for the carrying medium coincides with the well- known Lame 

equation of classical elastic theory enriched by the inclusions [Palmov, 1998]:

	 ( 2 ) 0,ttl + m ∇∇ + m ∆ - ρ + + =u u u N Q 	 (2)

where N is the force acting on the medium from the inclusions, Q is the external mass force, 
l and m are the Lame constants. The equation of motion for inclusions with natural frequency 
W reads as follows 

	 ( ) ( )( ) ( ) ( ) 0.tt tm K Kρ W + W - + W t ⋅ - =w w u w u
	

(3)

Here w is the inclusion displacement, K (W) is the stiffness of bond between the inclusion 
and carrying material. The last add in equation (3) is associated with the description of dissi-
pation of oscillator energy. The total force N of interaction of inclusion and carrying medium 
per unit volume is evaluated by the relation

	

( )
0

.ttm d
∞

= - ρ W W∫N w

	

(4)

After substitution (4) into equation (2), the equation of motion for carrying medium can 
be written in the following form
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( )
0

( 2 ) 0.tt ttm d
∞

l + m ∇∇ + m ∆ - ρ - ρ W W + =∫u u u w Q

	

(5)

Thus, the system of equations (3) and (5) together with appropriate boundary conditions 
describes the dynamics of elastic continuum with oscillating dissipative inclusions.

Statement of the boundary value problem for the soil layer and analysis of its solu-
tions. As in our previous work [Kendzera et al., 2020], we consider the simplest one-dimen-
sional problem on the wave shear deformation which is the most dangerous for the buildings 
and constructions. A layer of soil with density ρ and thickness H lies on a rigid badrock and 
has a free surface. Let us introduce the reference frame (u, z) with the origin placed on the 
free surface (Fig. 1).

For the one-dimensional shear deformation the system of equations (3), (5) is as follows

	

( )
0

,tt zz ttu G u m w d
∞

ρ = - ρ W W∫
   

( ) ( )2 2 0.tt tw w u w u+ W - + W t - =

	

(6)

Here u (z, t) and w (z, t) are the horizontal displacements of carrying medium and attach-
ed oscillator respectively, and G = m is the shear modulus. The relation W2 = K (W) /ρm (W) is 
used. In general, it should be assumed that each type of oscillator has a unique value of the 
relaxation time, but to obtain quite general conclusions, it is sufficient to assume the same 
relaxation time t, which is constant for all oscillators. We also neglect the external volumetric 
forces (Q = 0), in particular the gravity force. To identify the function m (W) describing the 
distribution of oscillators over their natural frequencies, the following laws are used:

– ( ) ( )
1

n

j j
j

m M
=

W = d W - W∑ , where δ (•) is the Dirac delta function;

– continuous n-modal distribution:

( )
( ) 2

2
1

exp .
22

n
jj

jj j

M
m

=

 W - W W = - 
s s π  

∑

It should be noted that in the case of delta 
distribution, model (6) has no integral term and is 
reduced to the model with oscillators that are dis-
tributed over their natural frequencies discretely. 
The multimodal distribution can be regarded as the 
sequence of functions converging to the Dirac delta 
function. This allows one to compare the results 
of studies of models with continuous and discrete 
distribution of oscillators.

The boundary conditions are prescribed at the 
free surface that requires the absence of stresses

                              0 20.z zG u = =
                            

(7)

Fig. 1. Schematic representation of the soil layer 
with thickness of H with inclusions. The left 
upper inset stands for the microvolume dV with 
inclusions, whereas right one shows the micro-
volume dV with their model analogy-oscillators.0.
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Thus, the aim of the studies is to examine the properties of the solutions of system (6) 
subjected to the boundary condition (7).

Consider the solutions of model (6) in the form of standing waves defined by the expres-
sions harmonic in time

	 ( ) ,i tu U z e w=     ( ) ,i tw W z e w= 	 (8)

where w is the circular frequency of ground vibration.
The substitution of expressions (8) into the system (6) reduces it to pair of ordinary dif-

ferential equations

( ) ( ) ( ) ( )2 2

0

.zzùùùù
∞

 ∫

( ) ( ) ( )( ) ( ) ( )( )2 2 2 0,W z W z U z W z U z i- w + W - + W t - w =

which in turn reduces to quadrature

( )2 2

2 2 2

i U
W

i

W + W t w
=
W t w + W - w

and the following second order differential equation

( )
( )

( )

2
2 2

2 2
0

1
0.

1
zz

i
U GU U m d

i

∞
W + t w

ρw + + ρw W W =
W + t w -w

∫

It is useful to rewrite this equation as follows

	
2 0.zzU U+ ν = 	 (9)

where 
( ) ( )

( )

2
2 2

2 2
0

1
1 .

1

m i
d

G i

∞ W W + t wρ  ν = w + W
 W + t w - w 

∫

The solution of equation (9) is presented in the well-known form:
cos sin .U A z B z= ν + ν

The constants A and B can be specified from the boundary condition (7). Then B = 0, and 
ultimately ( ) cosi tu z t A e zw= ν, .

To characterize the wave passing through the soil deposit, it is used the quantity called 
the transfer function [Kramer, 1996]

( )
( )

0;
,

;

u z t
F

u z H t
=

=
=

where u (z = H; t) is the deformation at the depth H. The modulus of this function | F | is the 
amplification factor [Kramer, 1996]. It should be emphasized that when deformations at the 
layer edges are defined by standing waves, then the function F is independent on the time. 
In particular, in our considerations

1 .
cos

F
H

=
W

,

,

( ) ( ) ( ) ( )2 2

0

,zzU z GU z W z m d
∞

- ρ w = + ρ W w W∫
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Formally, it coincides with the transfer function derived for the Kelvin―Voight models 
from [Kramer, 1996].

Let s
G
с

u =  be the shear wave velocity. Then

( )
( )

( )

2

2 2
0

1 1 .
1s

mHH i d
i

∞
W W

ν = w + + t w W
u W + t w - w

∫

Hence, the amplification factor is

( )
( )

( )

2

2 2
0

1 .

cos 1 1
1s

F

mH i d
i

∞
=

W W
w + + t w W

u W + t w - w
∫

Remark 1. Note that the argument of function | F | cannot be written via the quantity kH (k =
= w /us is the wave number) the way this is done in classical models [Kramer, 1996]. Therefore, 
the function | F | will be studied directly with respect to the argument w. Moreover, the quan-
tities with time dimension H /us = c (time of passing the shear wave through the layer) and 
t (time of relaxation) can represent the characteristic parameters of soil layer and medium.

Remark 2. The number of parameters in the function | F | can be reduced by means of scale 
transformation wc = w , Wc = W , /t c = t , where new quantities w , W  and t  are dimension-
less. Then

( )
( )

( )
( )

( )
( )

2 2

2 2 2 2
0 0

cos 1 1 cos 1 1 .
1 1

m m
i d i d

i i

∞ ∞
W W W W

wc + + t w W = w + + t w W
W + t w - w W + t w - w

∫ ∫

and the function ( )m m  W
W =  c c 

1 . For instance, in case of the Gaussian distribution it is valid

( )
( ) 2

1

2 2
11

11 exp .
22

M
m m

 W - c W W  W = = -   c c  c s cs π  

From the last expression it follows that ( )m W  represents the distribution with the scaled 
mean value cW1 and standard deviation cs1. This means that the solution of the problem at 
different values c can be obtained from the solution derived at c = 1 performing in parallel the 
appropriate scaling of distribution parameters. Therefore, further we consider the problem at 
c = 1. The amplification factor obeys the relation

	

( )
( )

( )

2

2 2
0

1 .

cos 1 1
1

F

m
i d

i

∞
=

W W
w + + t w W

W + t w - w
∫

	

(10)
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Let us find out the peculiarities appearing on the graphs of function (10) when oscillating 
inclusions are taken into account. To compare, it is worth to recall the fact when the hetero-

geneity is absent, i. e. m (W) = 0, the function (10) degenerates into the function 
cos

F =
w

1

 
whose graph (Fig. 2, а) shows the periodically located maxima

	
( )2 1 ,

2n nπ
w = +

   
0, 1, 2 ...n = 	 (11)

which determine the natural frequencies of the soil layer providing the most strong response 
amplification, i. e. the occurrence of resonance. Note that a distinction should be made be-
tween the three types of frequencies used in this paper, namely natural frequencies of inclu-
sions, circular frequencies of standing waves, and natural frequencies of soil deposit. To avoid 
misunderstandings, we prefer to use the term «resonant frequency» instead of the latter term.

Since the model does not include viscosity effects at m (W) = 0, the function | F (w) | at reso-
nant frequencies has the discontinuities of second kind. The introduction of the dissipative 
process generates finite maxima on the graph of the function | F (w) |. The structure of resonant 
frequencies, their number, and intensity are of both theoretical and practical interest. Next 
it is considered the cases when the function m (W) ≠ 0.

The medium with identical oscillators. Let the soil contain inclusions having the same 
natural frequency W1. Then the inclusion distribution is m (W) = M1d (W - W1) and the ampli-
fication factor is as follows

	

( )
( )

2
1 1

2 2
1

1 .
1

cos 1
1

F
i M

i

=

W + t w
w +

W + t w - w
	

(12)

We choose the parameter M1 = 1.2 corresponding to the inclusions with density greater 
than the carrying medium. The natural frequency of oscillators is fixed as well, i. e. W1 = 1. 
The resulting graph of the function | F | defined by (12) is depicted in Fig. 2, b.

To analyze the function (12) in details, we need to pass from complex-valued to a real-

Fig. 2. The amplification factor |F | versus w at m = 0 (a), m = 1.2 (b).

,
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valued function. Let

,x = w    

( )

( ) ( )

2 2 2
1

22 2
1

1 /
1 ,

1 /

m x x
a

x x

 - W + t 
 = +

 - W + t 
     

( ) ( )

3 2
1

22 2
1

/
.

1 /

m x
b

x x

t W
= -

 - W + t 
 

Using the formula

( ) 2 2sgn ,
2 2

q a q a
a bi i b q a b

 + -
 + = ± + = +
 
 

the denominator of (12) can be transformed in the following manner

	 ( )1 1ùùùù x a ix b• = -
	 (13)

where 
q a

a
+

=1 2
,
 

q a
b

-
=1 2

.

Taking into account that ( )cos cos sinx i x h y- = +2 2 , the expression (12) can be pre-
sented in the simplified form

( ) ( )2 2
1 1

1 .
cos sin

F
x a h xb

=

+

From the analysis of expressions a and b it follows that for large values of x these quanti-
ties tend to 1 and 0 respectively, thus a →1 1, b →1 0 . This means that at high frequencies 
the resonant frequencies approach the set (11) and hence it can be stated that the presence 
of inclusions in the medium is not manifested.

The increasing of natural frequency W1 causes a change of graph of the function | F | mainly 
in the vicinity of the first resonant frequencies (Fig. 3, a). In particular, the comparison of the 

Fig. 3. The dependencies of amplification factor |F | on w at m = 1.2, t = 0.1 and W1 = 1.5, W1 = 2.5 (а),
W1 = 4 (b), W1 = 5 (c).

	 ( ) ( )1 1cos cos ,x a ix b• = - 	 (13)

,

sinh2

sinh2

(x – iy)
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graphs built at W1 = 1.5 and W1 = 2.5 reveals the creation of additional resonant frequency 
wmax, 2 near the leading resonant peak wmax, 1. Analysis of resonant spectra for higher natural 
frequencies W1 testifies that intensity of second resonant peak wmax, 2 increases, and the set of 
resonant frequencies in the high-frequency region degenerates. In particular, comparing the 
Fig. 3, b and c, we can conclude that the oscillatory asymptotics of the function | F | is changed 
to the monotonic one. In fact, there is case when the spectrum is divided into the low-frequency 
region consisting of a finite number of resonant frequencies and the high-frequency region 
with a countable set of resonant peaks that tend to degeneration when the natural frequency 
of inclusions increases. Here, as a point of spectrum division, we can choose the place of the 
global minimum of the function | F (w) |, i. e. the point wcr.

It is interesting that the dependence (Fig. 4) of the coordinates of the first two resonant 
peaks wmax, 1, 2 on the parameter W1 shows a monotonic nonlinear character. Note that the 
relative change wmax, 1 is 4.3 %, while for wmax, 2 is 39.1 %.

The dependence of the value of the critical frequency wcr on the parameter M1 (Fig. 5) is 
monotonic and has a local minimum.

Media with oscillators of two types. First of all, it should be noted that regardless of the 
analytical expression of the function m (W), the behavior of the function | F | can be estimated 
for relatively large values w. To do this, let us expand part of the function under integral sign 

Fig. 4. The dependencies of the first (a) and second (b) maxima wmax, 1, 2 on the natural
frequency W1.

Fig. 5. The global minimum wcr versus M1.

into the Taylor series (or to use a formula for 
infinite geometric progression). Then we get

( )
( ) 42 2

2 2 42

1

1

i

i

+ t w WW W
= - - +

W + t w - w w w

( )6 ,O+ W

when .w > W

Thus



O.V. KENDZERA, S.V. MYKULYAK, YU.V. SEMENOVA, I.A. SKURATIVSKA, S.I. SKURATIVSKYI

12	 Геофизический журнал № 4, Т. 42, 2020

( )
( )

( )
( ) ( ) ( ) ( )22 2 4

2 2 2 4
0 0 0

1 1
1

1

m i m i m
i d d d

i

∞ ∞ ∞
W W + t w W W + t w W W

+ t w W = - W - W =
W + t w - w w w

∫ ∫ ∫

( ) ( ) 2

2 42 4

1 1
.

i i
I I

+ t w + t w
= - -

w w

Here ( )n
nI m d

∞

= W W W∫ 2
2

0

.

Finally, we obtain the result that for large W the function | F | can be approximated by the 
expression

	

( ) ( ) 2

2 42 4

1 .

1 1
cos 1

F

i i
I I

=

+ t w + t w
w - -

w w
	

(14)

In particular, it is easy to see that as W becomes large in (14) the positions of resonant 
frequencies are close to the set (11), which is valid for the classical case when the inclusions 
are absent.

To realize the quality of | F | approximation, the result obtained is applied to the model with 
the two-modal distribution m (W).

Thus, consider the case of the medium containing the same number of inclusions of two 
types oscillating mainly at the natural frequencies W1 and W2 = 2W1. Then the distribution 
m (W) of oscillators is described by the two-modal distribution

	

( )
( ) ( )2 2

1 11

2 2

2
exp exp .

2 2 2 2

M
m

    W - W W - W    W = - + -    s π s s         	

(15)

where s = 0.1, M1 = 1.2, W1 = 0.9.
The distribution parameters are chosen in such a way that the oscillator masses are loca-

lized strongly in the vicinity of two fixed values (Fig. 6, а). Using the distribution (15), the 
Fig. 6, b is plotted and shows the graphs of function (10) (solid curve) and its approximation 
(14) (dashed curve). It is seen that as soon as the function m (W) goes to its right asymptotic 
value, the function (14) is fit for the actual function (10) very well.

Using the formula (10) and (12), the amplification factors | F | corresponding to the medium 
with the same type inclusions and two-type inclusions are derived and plotted in Fig. 7. The-
se dependences indicate that the influence of the inclusion characteristics is manifested in 
the low-frequency domain, in particular, additional maximum appeared. In high-frequency 
domain the decay of intensity of resonant frequencies is encountered. This means that the 
influence of inclusion characteristics is manifested in the low-frequency region, whereas in 
the high-frequency region the decreasing of resonant peak intensity is observed.

Concluding remarks. To estimate the response of the soil deposit under the action of se-
ismic disturbances, the problem of shear wave deformation of the soil layer is considered. It 
is proposed to model an inhomogeneous soil massif by the elastic medium with dissipative 
oscillatory inclusions. The obtained harmonic solutions of the model in the form of standing 

,
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Fig. 7. The amplification factor | F | versus w for the 
case of one type of inclusions (dashed line) and two 
types of inclusions (solid curve).

Fig. 6. The function m (W) (a) and the comparison of amplification factors |F | derived by means of the
function (10) (solid line) and (14) (dashed curve) (b).

waves allowed us to analyze the influence 
of inclusions on the wave characteristics. In 
particular, it was found that the presence of 
dissipative inclusions leads to finite resonant 
oscillation amplitudes and, accordingly, to 
limited heights of resonant peaks in the trans-
fer function, which characterizes the amplifi-
cation of displacements on the free surface 
with respect to displacements on the lower 
surface of the layer. It is also shown that the 
natural frequency of inclusions significantly 
affects the properties of the transfer function: 
1) when the natural frequency of inclusions 
increases, then the auxiliary resonant peak 
appears near the leading resonant frequency; 
2) degeneration of resonances is observed at 
high circular frequencies of standing waves. 

When the medium incorporates two types of inclusions and, thus, the bimodal distribution 
is used, the structure of the resonant frequencies changes only in the low frequency domain, 
in the high frequency domain the intensity of the resonant peaks decreases.

These studies inspire further investigations of wave fields in the layer of the medium with 
inclusions, which should help to elucidate the influence of viscosity and multimodality of 
the distribution on it. The obtained results contribute to the improvement of methods of re-
sponse to soil deposits on seismic disturbances, which provide reliable seismic protection of 
artificially created objects.

The work is partially supported by the project 0118U000044.
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Оцінка сейсмічної реакції прошарку ґрунту з 
коливними включеннями

О.В. Кендзера, С.В. Микуляк, Ю.В. Семенова, І.А. Скуратівська, 
С.І. Скуратівський, 2020

Інститут геофізики ім. С.І. Субботіна НАН України, Київ, Україна

Результати сучасних досліджень наслідків землетрусів свідчать про те, що ґрунтові 
пласти, розташовані під будівлями та спорудами, можуть суттєво трансформувати 
сейсмічну хвилю, що проходить через їх товщу, та катастрофічним чином вплинути 
на ці об’єкти. Тому дослідження хвильових процесів у ґрунтових масивах є надзви-
чайно важливими і актуальними. Відомо, що ґрунти характеризуються значною 
неоднорідністю, яка впливає на спектральні характеристики сейсмічних хвиль, то-
му вона повинна враховуватись при аналізі хвильових полів у ґрунтових пластах. 
У цій праці запропоновано описувати динаміку неоднорідного ґрунтового масиву 
в рамках моделі пружного середовища з осцилюючими невзаємодіючими між со-
бою дисипативними включеннями. Для такого модельного середовища ставиться 
крайова задача про вібрацію прошарку скінченної товщини з вільною поверхнею 
та гармонічним збуренням на його нижньому краї. На основі розв’язку цієї задачі 
проаналізовано вплив включень на характеристики хвиль. З’ясовано, що власні 
частоти включень суттєво впливають на передавальну функцію, яка характеризує 
підсилення зміщень на вільній поверхні відносно зміщень на нижній межі шару: 
при зростанні власної частоти коливань включень поблизу основного резонансу 
виділяється додаткова резонансна частота прошарку ґрунту, а на високих частотах 
відбувається виродження резонансів. Для випадку, коли власні частоти включень 
мають недискретний розподіл з двома виділеними частотами, вплив включень про-
являється при низькочастотних коливаннях, а у високочастотному діапазоні змен-
шується лише резонансні амплітуди. Підхід до аналізу відгуку прошарку ґрунту на 
сейсмічні збурення, в якому використовується модель з коливними включеннями, 
є перспективним для задач сейсмостійкого проєктування та будівництва.

Ключові слова: амплітудно-частотна характеристика, резонансні явища, моделі 
неоднорідних геосередовищ, моделювання реакції ґрунту на сейсмічні впливи.
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Оценка сейсмической реакции слоя 
грунта с колеблющимися включениями

А.В. Кендзера, С.В. Микуляк, Ю.В. Семенова, 
И.А. Скуратовская, С.И. Скуратовский, 2020

Институт геофизики им. С.И. Субботина НАН Украины, 
Киев, Украина

Результаты современных исследований последствий землетрясений свидетель-
ствуют о том, что грунтовые пласты, расположенные под зданиями и сооружениями, 
могут существенно трансформировать сейсмическую волну, проходящую через их 
толщу, и катастрофическим образом повлиять на эти объекты. Поэтому исследова-
ния волновых процессов в грунтовых массивах чрезвычайно важны и актуальны. 
Известно, что грунты обладают значительной неоднородностью, влияющей на 
спектральные характеристики сейсмических волн, поэтому она должна учитывать-
ся при анализе волновых полей в грунтовых пластах. В этой работе предложено 
описывать динамику неоднородного грунтового массива в рамках модели упругой 
среды с осциллирующими невзаимодействующими между собой диссипативными 
включениями. Для такой модельной среды становится краевая задача о вибрации 
слоя конечной толщины со свободной поверхностью и гармоническим возмущением 
на его нижнем крае. Опираясь на решение этой задачи, проанализировано влияние 
включений на характеристики волн. Выяснено, что собственные частоты включений 
существенно влияют на передаточную функцию, описывающую усиление смещений 
на свободной поверхности относительно смещений на нижней границе слоя: при 
увеличении собственной частоты колебаний включений вблизи основного резонанса 
выделяется дополнительная резонансная частота слоя грунта, а на высоких часто-
тах происходит вырождение резонансов. Для случая, когда собственные частоты 
включений имеют недискретное распределение с двумя выделенными частотами, 
влияние включений проявляется при низкочастотных колебаниях, а в высокоча-
стотной области уменьшаются только резонансные амплитуды. Подход к анализу 
реакции слоя грунта на сейсмические возмущения, в котором используется модель 
с колеблющимися включениями, является перспективным для задач сейсмостойкого 
проектирования и строительства.

Ключевые слова: амплитудно-частотная характеристика, резонансные явления, 
модели неоднородных геосред, моделирование реакции грунта на сейсмические 
воздействия.


