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It is known that soil massifs can amplify or weaken seismic waves generated by earth-
quakes. Therefore, the problem of studying the impact of soil deposits on the passage of 
seismic waves is important in terms of the facilities in operation and the design of new 
earthquake-resistant objects. Soil deposits, which are allotted for building, are mainly 
layered. In addition, the materials in these layers are also significantly heterogeneous. To 
describe the dynamics of inhomogeneous soil massif, the model of an elastic continuum 
with oscillating non-interacting inclusions is used. Within the framework of this model, 
the resonant properties of multi-layered soil deposit are analyzed at the conditions of 
harmonic perturbations applied to the bedrock. On the basis of the solution to the boun-
dary value problem concerning oscillations of the system subjected to the free surface and 
conjugation conditions on the boundaries between layers, it is derived the transfer func-
tion which characterizes the amplification of shear displacements by the layered system. 
Within the framework of problems on the oscillations of two- and five layered systems, 
the analytical studies were confirmed by numerical evaluations of transfer functions. In 
particular, using the built-in functions of the system «Mathematica», it is developed the 
numerical procedure for evaluating the frequency dependencies of amplification factor 
for layered Kelvin—Voigt media and media with oscillating inclusions. Moreover, for the 
two-layered system, it is analyzed the effect on the transfer function for the ratio of layers’ 
shear moduli and the ratio of the inclusions’ natural frequencies. It is also shown that the 
maxima in the transfer function correspond to the eigenfrequencies of the boundary value 
problem.The obtained results and the proposed approach to the study of the response of 
the layered inhomogeneous medium to vibrational perturbations can serve as a theoretical 
basis for earthquake-resistant design and construction.

Key words: layered soil deposit, amplitude-frequency characteristics, resonant phe-
nomena, models of heterogeneous media,earthquake resistance, ground seismic response 
modeling.

Analysis of the destructive effects of past 
and recent earthquakes [Ishihara,1996; Adi-
moolam, Banerjee, 2019] has shown that the 
pattern of damage during earthquakes is ma-
inly determined by the reaction of local soils 
to seismic loading. The near-surface layers of 
soil strata act as a filter that amplifies/weakens 
the amplitude of seismic waves.

Since the amplification of seismic oscilla-
tions by soil deposit can be very significant 
[Kausel, Roёsset, 1984; Pratt et al., 2017; Adi-
moolam, Banerjee,2019; Kumar et al., 2020], 
the analysis of the soil response became one 

of the most important tasks of engineering 
seismology [Gutowski, Dym, 1976]. The soil 
reaction modeling allows one to determine 
the dominant frequencies of a local ground 
site, to estimate the enhancement of seismic 
oscillations by local soils [With, Bodare, 2007; 
Hosseini, Pajouh, 2010; Kumar et al., 2020], 
and to obtain accelerograms and response 
spectra of soil oscillations on the surface. In-
formation on the probabilistic characteristics 
of seismic oscillations on the soil surface is 
required for evaluating the critical dynamic 
stresses and strains that cause loss of soil 
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stability and, consequently, the destruction 
of buildings and structures [Gutowski, Dym, 
1976; Takemiya, Yamada, 1981; Mandal et al., 
2012] located on such ground.

To assess the seismic ground response 
of the local area, it is used the well-known 
[Sarma, 1994; Ishihara, 1996; Kramer, 1996] 
approach based on the shear waves which 
propagate vertically upwards from the under-
lying bedrock through the layers of ground. 
In engineering practice, as a rule, linear or 
equivalent linear methods are used with the 
involvement of SHAKE [Schnabel et al., 1972], 
EERA [Bardet et al., 2000], Deepsoil [Hashash, 
2012], and others. The algorithms [Gutowski, 
Dym, 1976; Sarma, 1994; Hosseini, Pajouh, 
2010] incorporated in these programs are 
based on the assumption that all boundaries 
between the layers are horizontal and each 
layer is homogeneous.

To take into account the structure of na-
tural soils [Kundu et al., 2019; Kumar et al., 
2020; Mondal et al., 2020], classical models of 
continuum mechanics are generalized in two 
major ways. One approach is based on the 
modification of medium’s equations of state. 
Starting from the simplest model, i. e. Hook’s 
law, the more advanced models have been 
developed, namely Maxwell, Kelvin—Voigt, 
Zener (standard linear solid) models [Ka-
liski et al., 1992; Ishihara,1996; Kramer, 1996; 
Erofeev, 2003], in particular, derived within 
the framework of internal variables concept 
[Danylenko et al., 2011], as well as nonloca-
lity ideas [Kaliski et al., 1992; Eringen, 1999; 
Danylenko et al., 2011; Kendzera et al., 2020a].

Another way to improve the description 
of soil state is related to the modification of 
equations of motion by means of introducing 
the auxiliary equations for the additional de-
grees of freedom. The bright example of this 
approach is the Cosserat model where the ro-
tational degrees of freedom are incorporated 
[Erofeev, 2003; Green, Rivlin, 1964]. In this 
paper, we use the generalization of classical 
Lame equations [Slepjan, 1967; Palmov, 1969; 
Mishuris et al., 2019] taking into account the 
oscillating degrees of freedom. To do this, 
two continua are considered. The carrying 
medium is classical, while the other consists 

of a set of partial oscillators representing the 
medium’s inclusions. Such models and their 
applications for the investigation of wave dy-
namics were studied in the papers [Danilenko, 
Skurativskyy, 2008; Danylenko, Skurativskyi, 
2012, 2016, 2017].

The aim of the present studies is to evalu-
ate the resonant properties of multilayer soil 
systems using a generalized model with oscil-
lating inclusions.

Analytical estimation of soil response to 
the harmonic disturbances. The assessment 
for seismic response of heterogeneous soil 
deposit (single layer) on the basis of the model 
of mutually penetrating continua has been 
developed in [Kendzera et al., 2020b]. The 
equations of motion for the one-dimensional 
shear deformation of the single layer soil de-
posit read as follows

	
( )

0

,tt zz ttu Gu m w d
∞

ρ = − ρ Ω Ω∫

	
( ) ( )2 2 0,tt tw w u w u+ Ω − + Ω τ − =

	
(1)

where u (z, t) and w (z, t) are the horizontal dis-
placements of carrying medium and attached 
oscillator respectively, and G is the shear mo-
dulus. The quantity Ω stands for the natural 
frequency of a partial oscillator. Assume also 
that the relaxation time τ is constant for all 
oscillators. The function m (x) describing the 
distribution of oscillators over their natural 
frequencies is chosen as follows

( ) ( ) ,m x m x= δ − Ω

where δ (◦) is the Dirac delta function and the 
parameter m coincides with the ratio of densi-
ties of continua.

It should be noted that in the case of delta 
distribution, model (1) has no integral term 
and is reduced to the model with oscillators 
possessing the identical natural frequencies.
In this work, we deal with the generalization 
of the approach developed in [Kendzera et 
al., 2020b] to the case of layered soil deposit.

Thus, we consider the layered medium of 
thickness H (Fig. 1), which is composed of N 
layers and rests on a rigid base. Each layer is of 
thickness hs and contains inclusions (internal 
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where u (z = H ; t) is the deformation at the 
depth H, and coincides with the value of dis-
placement at the ground surface.

In contrast to the problem on the single soil 
layer, the problem on the multilayered me-
dium contains auxiliary conditions related to 
the conjugation of displacements and stresses 
at the boundaries between layers. In this work, 
we use the physically motivated conditions 
of smoothness of deformations and stresses 
[Kramer, 1996; Kundu et al., 2019; Mondal et 
al., 2020]

	
( ) ( )1 1 0 ,s s s s su z h u z+ += = =

	
( ) ( )1

1 1
1

0 ,
ss

s s s s s
s s

uu
G z h G z

z z
+

+ +
+

∂∂
= = =

∂ ∂

	 1, ..., 1.s N= − 	 (5)

Applying the approach described in works 
[Kramer, 1996; Kendzera et al., 2020b], the 
dependency of amplification factor of layered 
soil deposit on the frequency ω is constructed. 
To do this, let us derive the solution of model 
(1)—(3), which relates to the regime of depo-
sit’s oscillations with the constant amplitude 
and frequency ω.

In each layer, the partial solution can be 
found in the following form

	 ( ) ,i t
s s su U z e ω=    ( ) ,i t

s s sw W z e ω= 	(6)

where

,s s s si k z i k z
s s sU A e B e −= +    ,s s sW U= β

( )
( )

2
2 2

2 2

1
1 ,

1

s s ss
s

s s s

m i
k

G i

 Ω + τ ωρ  = ω +
 Ω + τ ω − ω 

( )
( )

2

2 2

1
.

1

s s
s

s s

i

i

Ω + τ ω
β =

Ω + τ ω − ω

Using the boundary condition (3) the cons-
tants A1 and B1 can be specified, i.e. A B A= ≡1 1 .
Then ( ) ( )i k z i k zi tu z , t Ae e e−ω= +1 1 1 1

1 1 . From
the condition (4) it follows that

oscillators). In what follows, in each s-th layer 
the medium is described by the equation of 
motion (1), so that

	
( ) ( )( ) ( )z ,s s s s s s stt ttz

u G u m wρ = − ρ

	
( ) ( ) ( )2 2 0,s s s s s s s stt tw w u w u+ Ω − + Ω τ − =

	 1, ..., .s N= 	 (2)

As shown in Fig. 1, each layer is subjected 
to the own reference frame with the origin 
placed at the upper layer boundary and the 
axis directed downwards. The typical assump-
tion [Sarma, 1994; Kramer, 1996; Kundu et al., 
2019; Mondal et al., 2020] about the absence 
of stresses at the free ground surface is used:

	
( )1

1
1

0 0.
u

z
z

∂
= =

∂ 	
(3)

We also assume that the bedrock is de-
formed according to the harmonic law

	 1

,
N

N N
i t

s
s

u z h Qe ω

=

 
 = =
 
 

∑
	

(4)

where Q and ω are the amplitude and fre-
quency of external disturbances respectively.
Since we are interested in resonant properties 
of soil deposit, then it is suitable to assume 
that disturbances at the bottom edge are of 
unity amplitude, i. e. Q = 1. The value of am-
plification factor F for the deposits defined 
as a ratio of displacement amplitudes at its 
edges [Kramer, 1996; Rivin, 2003; With, Bo-
dare, 2007]

Fig. 1. The scheme of layered soil deposit.
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1 1
1 1 2 2 1 1 2 2

2 2
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k h k h k h k h
G k

−

For comparison, it’s convenient to take the 
Kelvin—Voigt medium [Sarma, 1994; Kramer, 
1996] obeying the equation of motion

	

2 3

2 2
,s s

s s s
V V

G V
z zt t z

∂ ∂ ∂ ∂
ρ = + η ∂ ∂ ∂ ∂ ∂ 	

(9)

where /η = ξ ω2  stands for viscosity. The 
amplification factor F is defined by the sa-
me formula (8) , but in this case, we should 
put *G G=1 1 , *G G=2 2 , where *

s s sG G i= + ξ2 ,
*/s s sk G= ω ρ2 2 , s = 1, 2 .

Numerical simulation of soil response 
to the harmonic disturbances. To check the 
analytic studies and develop the procedures 
for the more general form of functional de-
pendencies of soil characteristics on depth, 
the numerical approach for evaluation of 
amplification factor is utilized. During nu-
merical simulations tools incorporated into 
«Mathematica» system are used. To apply 
numerical methods, the system (2)—(4) should 
be adapted. At first, let us fix the reference 
frame (the point O is the origin, Oz is the axis) 
as it is shown in Fig. 1. We replace the set of 
systems with the conjugation conditions at the 
boundary between layers by the single system 
with discontinuous coefficients:

	
( )( ) ( ) ( ) ( ) ,tt z ttz

z u G z u z m z wρ = − ρ

	 ( )2 ( )ttw z w u+ Ω − +

	
( )2 ( ) ( ) 0,tz z w u+ Ω τ − =

	
( )0 0,

u
z

z
∂

= =
∂

	 1.N N N N
N N

i k z i k zA e B e −+ = 	 (7)

Using the solutions (4) , the conditions at 
the discontinuities can be written in the form 
of algebraic equation [Kramer, 1996]

1 1 ,s s s si k h i k h
s s s sA e B e A B−

+ ++ = +

( )s s s si k h i k h
s s s sG i k A e B e −− =

( )1 1 1 1 ,s s s sG i k A B+ + + += −

1, ..., 1.s N= −

Solving the together with relation (7) and 
taking into account A B A= ≡1 1 , one obtains 
the following values of coefficients As and Bs 
[Kramer, 1996]:

( )1
1 1
2

s si k h
s s sA A e+ = + µ +

( )1 ,s si k h
s sB e − + − µ 

( )1
1 1
2

s si k h
s s sB A e+ = − µ +

( )1 ,s si k h
s sB e − + + µ 

where s s
s

s s

G k
G k+ +

µ =
1 1

, s N= −1, ..., 1 . It’s 

worth noting that from relations obtained it 
follows that the coefficients are the function 
of the quantity A only, i. e. As = As (A) and Bs= 
= Bs (A). In turn, equation (7) allows one to 
derive the value of A. Thus, the evaluation of 
amplification factor F can be realized via the 
formula

F =

( )1 1 1 1

1 0
| 2 | .

| |

i k z i k zi t
z

i t

Ae e e

A
e

−ω

=

ω

+

= =

The resonant curve for the two-layered 
media. The main features of the analytical 
treatments presented above can be outlined 
for the two-layered soil deposit. In this case, 
it is easy to derive the analytic expression for 
the quantity

(8)

=

=
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	 ( ) ,i tu z H e ω= =    [ ]0; .z H∈ 	 (10)

The functions describing the soil characte-
ristics with depth are defined as follows

( ) ( ) ( ) ( ){ }2; ; ;z G z z zρ Ω τ =

( ) { }2

1

; , ; ,
p

k k k kk
k

z z G
=

= Θ − ρ Ω τ∑

where ( )Θ   is the Heaviside step function. 
Next, the discontinuous function G (z) should 
be smoothed out. To do this, we apply the fol-
lowing procedure:

	 ( ) ( ) ( )1 2; , ,G z G z z G G h≈ = ϕ =

( )( )2 21 1
arc tan ,

2

G G G G
z h

− +
= ε − +

π
	(11)

where the parameters G1, 2 define the asymp-
totic values of function ( )G z , h represents 
the coordinate of discontinuity, ε is the rate 
of smoothness (the function ( )G z  tends to a 
step function as ε → ∞ ). When the function 
G (z) possesses several discontinuities, the si-
milar procedure can be used. Let hj , j = 1, ... K
be the coordinates of discontinuities, then

( )( )G z G z≈ =

1 1

1
1 1 2

; , , .
N Ns

s s j s
s j s

z G G h G
− −

+
= = =

 
 = ϕ −
 
 

∑ ∑ ∑
	

(12)

So, the system (10) with prescribed boun-
dary and zero initial conditions is solved by 
the command NDSolve [...]. The solution is 
evaluated at a long time interval to provide 
that all transient processes are passed and 
the system reaches the steady oscillating re- 
gime. We are interested in the solution at free 
surface (z = 0). Namely, it is evaluated the am-
plitude of free surface oscillations when the 
steady mode is realized. This amplitude co-
incides with the amplification factor F due to 
its definition we are used. Finally, varying the 
frequency ω and deriving the corresponding 
values of F, the resonant curve is constructed.

To check the properties of numerical pro- 

cedure, we consider the Kelvin—Voigt two-
layer (N = 2) model (9) with the boundary con-
dition (3), (4). The parameters are fixed as fol- 
lows:

	 1.2 ,j
jρ =    1.3 ,j

jG =    1,jh =    0.05,ξ =

	 1

,
N

j
j

H h
=

= ∑
   

1, ..., ,j N=

	
(13)

and, according to relation (11), the function 
( ) ( )1( ) ;G z G z z G G h= = ϕ

2 1, , . The Fig. 2, a 
represents the results of the numerical deriva-
tion of resonant curve (points). The analyti-
cal expression (8) of amplification factor F is 
drawn by solid curve which fits the points well. 
The same numerical simulation was repeated 
for the five layered soil deposit which is cha-
racterized by the same power dependencies 
(13) but now N = 5. The resulting resonant 
curve is depicted in Fig. 2, b.

The similar numerical procedure is used 
for the estimation of F in the case of two-
layered medium with oscillating inclusions. 
At first, we consider the layers when only 
their shear module G are different. So, as-
sume that j

jG = 1.3 , jh = 1, j = 1, 2 , where 
as  ρ = ρ =1 2 1 ,  m m= =1 2 0.6 ,  τ = τ =1 2 1 , 
Ω = Ω =1 2 0.9 . The resulting numerically 
evaluated values of the amplification factor F 
are plotted in Fig. 3, a with filled points.

For comparison, the analytically derived 
function F is drawn by the solid line. It is evi-
dence of the perfect fitting of both approaches. 
Fig. 3, b shows the case when both layers do
not possess identical characteristics. Thus, 

j
jG = 1.3 , jh = 1 , j = 1, 2 , ρ = ρ =1 21, 1.2 ,

m m= =21 0.6, 0.8 ,τ = τ =1 21, 1.1,Ω = Ω =1 20.9, 1.1. 
The good fitting of numerical and analytical 
curves is observed as well. In both cases, there 
are two resonant frequencies in the range 

[ ]ω∈ 0.2, 4 , and the amplification factor for 
the first resonant frequency ω1 is much higher 
than for the second resonant frequency ω2. 
Analytical expression (8) for the amplifica-
tion factor in the case of two-layer applica-
tion allows us to analyze how it is affected 
by the relationship between the parameters 
of the layers. The contours of the surface 

( )F F= γ ω,  shown in Fig. 4 indicate that the 

arctan
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resonant frequencies depend on the ratio of 
the shear moduli for the second and first lay-
ers /G Gγ = 2 1 : when this ratio γ increases, 
the resonant frequencies shift towards their 
increase. In addition, in the case of the ratio 
γ = 1, the amplification factor F for the first 
resonant frequency is much higher than for 
subsequent resonant frequencies. As the ratio 
γ increases, the amplification factor becomes 
more uniform for all resonant frequencies. It 
should be noted that only cases when γ ≥ 1 
are analyzed, because the second layer, be-
ing under the first layer, is denser, and hence 
G G>2 1 .

It is also important to analyze the influen-
ce of the ratio of natural frequencies of par-

tial oscillators /θ = Ω Ω2 1 on the dependen-
ce ( )F F= ω . Fig. 5 shows that there is the 
range [ ]θ ∈ 1, 2  that separates the two areas 
with the different nature of the dependencies 

( )F F= ω . In the area [ ]θ ∈ 0, 1  the maxima 
of the function F (ω) are shifted toward the 
low frequencies relative to the maxima in the 
area [ ]θ ∈ 2, 11 . In the area [ ]θ ∈ 1, 2  there is 
almost none except one natural frequency. It 
should also be noted that in the aria [ ]θ ∈ 2, 11  
there is no shift of the maxima of the function 
F (ω) with increasing the ratio /θ = Ω Ω2 1.

The construction of the amplification fac-
tor is performed also for the five-layered soil 
deposit with oscillating inclusions. Used pa-
rameters are as follows: j

jG = 1.3 , j
jρ = 1.2 , 

Fig. 3. The dependence of amplification factor F on the frequency ω derived for two-layer soil deposit 
when the only function G (z) is discontinuous (a) and in addition other functions m (z), ρ (z), Ω (z),
τ (z) are discontinuous as well (b).

Fig. 2. Amplification factor F versus frequency ω derived for the two-layer (a) and five-layer (b) Kel-
vin—Voigt model. The solid lines correspond to the analytical solution, and the points represent the 
results of numerical simulations.
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jm j= +0.8 0.1 , j jτ = +0.5 0.02 , j
jΩ = 1.5 ,

jh = 1, j = 1, 2, ..., 5 . The acceptable fitting 
is observed as well (see Fig. 6).

Relation to the boundary value problem. 
It is worth noting that the estimation of factor 
F and solving the boundary value problem are 
related tasks. To show this, consider the sys-
tem (10) written for the two-layer soil deposit. 
It is easy to show that the boundary conditions 
can be reduced to homogenous (zero) by the 
change of variable i tu u Q e ω→ − . Then the 
eigenvalues of the boundary value problem 
are defined by the system (10) and boundary 
conditions ( ) ( )zu z u z H= = = =0 0 . The 
auxiliary conditions at the discontinuity at 
z h= 1  coincide with the relations (5). Thus, 
assuming that all quantities ( )m z , ( )G z , 

( )zρ , ( )zΩ , ( )zτ  are the step functions and 
using the solution (6), we derive the solution 
in the first layer

1 1

1 1 1 1
1 ( ) ,

ik z ik z

i k h i k h

e e
u z

e e

−

−

+
=

+    
1 1 1( ) ( )w z u z= β

and in the second one

2 1 1 1

2

( ) ( )

( ) ,
1

ik z h ik z he e
u z

− − −
θ +

=
θ +

2 2 2( ) ( )w z u z= β ,   
2 12 ( ) .i k H he − −

θ = −

Here we take into account zero boun-
dary conditions and the assumption that 

( ) ( ) 1u z h u z h= = = =1 1 2 1  providing the va-
lidity of the first relation of conditions (5). 
From the second equation of conditions (5) 
it follows that ( ) ( )z z

G u G u=1 1 2 2  which, in
turn, is reduced to the algebraic equation

( ) ( )
1 1

2
1 1 2 2

2

1 .
tan tan

G k

G k k h k h
=

The relation obtained is a characteristic 
equation for the boundary value problem and 
provides its complex-valued eigenvalues jλ , 
j = 1, 2, ... . It is obvious, the natural frequen-

cies of the two-layer medium coincide with the 
real part of jλ , i. e. ( )Rej jω = λ . In particu-
lar, the evaluation of two first natural frequen-

Fig. 4. The dependence of amplification factor F on 
the frequency ω and the ratio of shear moduli γ =
= G2/G1 derived for the two-layer model with oscillat-
ing inclusions (bottom panel). Amplification factor F 
versus the frequency ω for the four ratios γ highlight-
ed by the lines on the bottom panel (upper panel).

Fig. 5. The dependence of amplification factor F on 
the frequency ω and the ratio of natural frequen-
cies of partial oscillators θ = Ω2 / Ω1 derived for the 
two-layer model with oscillating inclusions (bottom 
panel). Amplification factor F versus frequency ω for 
the five ratios θ highlighted by the lines on the bottom 
panel (upper panel).
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Сейсмічна реакція шаруватої ґрунтової 
товщі з включеннями

О. В. Кендзера, С. В. Микуляк, Ю. В. Семенова, 
І.А. Скуратівська, С.І. Скуратівський, 2021

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

Відомо, що ґрунтові масиви можуть підсилювати або послаблювати сейсмічні 
хвилі, генеровані землетрусами. Тому задача дослідження впливу ґрунтових товщ на 
проходження сейсмічних хвиль важлива з позиції експлуатації споруд та проєкту-
вання нових сейсмостійких об’єктів. Ґрунтові товщі, на яких здійснюється забудова, 
здебільшого мають шарувату структуру. Матеріал цих шарів також суттєво неодно-
рідний. Для опису динаміки неоднорідного ґрунтового масиву використано модель 
пружного континууму з осцилюючими невзаємодіючими включеннями. В рамках 
цієї моделі проаналізовано резонансні властивості багатошарового ґрунтового ма-
сиву в умовах гармонічного збурення, прикладеного до нижньої межі масиву. На 
підставі розв’язку крайової задачі про коливання такої системи з вільною верхньою 
поверхнею та умовами спряження на межах прошарків отримано передавальну 
функцію, яка характеризує підсилення поперечних зміщень шаруватою системою. 
В межах задач про коливання дво- та п’ятишарової систем аналітичні дослідження 
було підтверджено числовим розрахунком передавальних функцій. Зокрема, з ви-
користанням вбудованої функції системи «Mathematica» розроблено процедуру 
обчислення частотних залежностей коефіцієнта підсилення для шаруватих середо-
вищ Кельвіна—Фойгта та середовищ з коливними включеннями. Для двошарової 
системи також проаналізовано вплив на передавальну функцію відношення модулів 
зсуву матеріалів двох шарів і відношення власних частот включень. Показано, що 
максимуми у передавальній функції відповідають власним частотам крайової зада-
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чі. Отримані результати та запропонований підхід до вивчення відгуку шаруватого 
неоднорідного середовища на коливальні збурення можуть бути теоретичним під-
ґрунтям для сейсмостійкого проєктування та будівництва.

Ключові слова: шарувата ґрунтова товща, амплітудно-частотна характеристика, 
резонансні явища, моделі неоднорідних геосередовищ, сейсмостійкість, моделюван-
ня реакції ґрунту на сейсмічні впливи.

Сейсмическая реакция слоистой грунтовой 
толщи с включениями

А. В. Кендзера, С. В. Микуляк, Ю. В. Семенова, 
И.А. Скуратовская, С.И. Скуратовский, 2021

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

Известно, что грунтовые массивы могут усиливать или ослаблять сейсмические 
волны, генерируемые землетрясениями. Поэтому исследование влияния грунтовых 
толщ на скорость прохождения сейсмических волн важна с точки зрения эксплуа-
тации сооружений и проектирования новых сейсмостойких объектов. Грунтовые 
толщи, на которых ведется строительство, в основном имеют слоистую структуру. 
Материал этих слоев также существенно неоднородный. Для описания динамики 
неоднородного грунтового массива использована модель упругого континуума с 
осциллирующими невзаимодействующими включениями. В рамках этой модели 
проанализированы резонансные свойства многослойного грунтового массива в 
условиях гармонического возмущения, приложенного к нижней границе массива. 
На основании решения краевой задачи о колебаниях такой системы со свободной 
верхней поверхностью и условиями сопряжения на границах слоев получена пере-
даточная функция, которая характеризует усиление поперечных смещений слоистой 
системой. В рамках задач о колебаниях двух- и пятислойных систем аналитические 
исследования были подтверждены числовым расчетом передатотных функций. В 
частности, с использованием встроенных функций системы «Mathematica» разра-
ботана процедура вычисления частотных зависимостей коэффициента усиления 
для слоистых сред Кельвина—Фойгта и сред с колеблющимися включениями. Для 
двухслойной системы также проанализировано влияние на передаточную функцию 
отношения модулей сдвига материалов двух слоев, а также отношения собственных 
частот включений. Показано, что максимумы в передаточной функции соответствуют 
собственным частотам краевой задачи. Полученные результаты и предложенный 
подход к изучению отклика слоистой неоднородной среды на колебательные воз-
мущения могут служить теоретическим основанием для сейсмостойкого проекти-
рования и строительства.

Ключевые слова: слоистая грунтовая толща, амплитудно-частотная характе-
ристика, резонансные явления, модели неоднородных геосред, сейсмостойкость, 
моделирование реакции грунта на сейсмические воздействия.


