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Introduction

One of the main issues in seismic-resistant construction is the availability of a large number of
accelerograms for past strong earthquakes at the site of a future construction project, recorded during a
sufficiently long period. This would allow to identify statistically characteristic types of accelerograms for
the given site and, therefore, to design reliable structures through calculations of seismic impact based on the
selected accelerogram or a group of accelerograms. However, so far there have been too little records of past
strong earthquakes in the seismically active zones of the Earth [1,2].

During an earthquake, in addition to the permanent (dead load weight) and imposed (weight of what is
inside the building, rooftop snow, etc.) loads, buildings and structures are subjected to seismic loads. In
reality, the latter are not loads (forces) per se. When the ground moves under a structure, due to inertia its
individual parts move with a lag compared to the ground motion and the structure bends. This is similar to
the impact of horizontal forces on the structure, which are perpendicular to its axis. These inertia forces are
caused by the mass and rigidity of the superstructure. Values of these alternating inertia or seismic forces
depend primarily on the alternating values of ground acceleration (accelerogram) during the earthquake. All
of the above mentioned loads, except the seismic ones, create direct physical impact, have permanent
direction, and exist during the whole useful lifespan of a structure. Seismic load has a dynamic nature and is
active only during an earthquake. Therefore, seismic hazard parameters for a given area primarily depend on
the values of horizontal (vertical, rotational) ground motion accelerations and their changes over the time [3].
This proves the importance of studying the issues related to creation of artificial seismograms and
accelerograms for strong earthquakes that would adequately reflect the properties of actual recorded
earthquakes. A brief overview of the problem was published in the initial articles [3,4]. The results of the
studies published in the articles (in the opinion of many experts, close to the results recorded during real
strong earthquakes) are apparently the only ones at the moment.

The choice of a two-layer base as an example of a heterogeneous base is due to the fact that for two-layer
base the ratio Vs and Vs, of the shear wave propagation velocities in soils during strong earthquakes plays a
significant role in the magnitude of displacements and accelerations of the Earth's soil surface, and in many
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cases the cause of destruction of above-ground structures is the low value of the first layer velocity Vg, (in
some cases it is advisable to remove the "weak" first layer). In addition, any conventional multi-layer base
can be reduced to a two-layer base with equivalent dynamic and seismic properties. Therefore, the main goal
of this study is to cover all possible cases of different ratios Vs and Vs, of two-layer bases (the article
considers 16 cases). It should also be noted that in developing the forecasting method [3,4] the fundamental
works of the following famous scientists were widely used: Brune J., Esteva L., Kasahara K., Wells D. and
Coppersmith K., Lomnitz C. and Singh K., Faccioli E. and Resendiz D., etc [5-9].

Materials and Methods

In our previous works [3,4] a method was developed to predict strong ground motion displacements and
accelerations, assuming that an earthquake is an instantaneous mechanical rupture of the Earth’s crust (Fig.1.).
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Fig. 1. Schematic diagram of the medium after an earthquake-caused rupture: a. diagram of the rupture and the
mechanical model of the upper strata, b. acceptable scheme of horizontal deformation of the vertical section along the
O-0O' line, c. the case of a homogenous near-surface thickness, H - total thickness of the surface layer, A - distance
from the rupture line to the observation point, v,,, - Vvelocity of the blocks at the rupture,
v(M, 4) - velocity of the blocks at the distance A from the rupture, u(z, t) - function of displacement in perpendicular
direction relative to the rupture, py, Gy, H, - density, shear modulus and thickness of the k-th layer, H + H,, - depth of
the rupture. Arrows indicate the block’s movement direction after rupture, the heavy line shows the rupture direction,
dotted arrows show the direction of the layers’ inertia movements after rupture (medium compression and dilatation)

The method uses derived theoretical formulas to calculate all three parameters of the ground motion:
displacements, velocities and accelerations during strong (with a magnitude of M > 6.0) earthquakes for any
non-homogeneous (multilayer) ground beddings with various physical and mechanical characteristics —
thicknesses, densities and shear moduli and at certain distance of A from the expected earthquake’s rupture.

For homogeneous (single-layer) foundation beddings, all typical parameters of the above-mentioned
values and their changes over time (seismograms and accelerograms) for an earthquake with magnitude of
6.0 < M < 9.0 were derived and found to be nearly identical to the same parameters of actual earthquakes.
Earthquake response spectra derived from synthetic accelerograms were also quite similar to the response
spectra obtained through actual earthquake accelerograms [10]. This study addresses making synthetic
seismograms and accelerograms for two-layer heterogeneous foundation beddings.
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For the general case, the functions of the foundation bedding layers’ inertia movement wu, (z, t) after an
earthquake-caused rupture must match the following wave equations [4,11]:

o%u o%u o%u
G K K kK _p
<oz Par T, )
k=12..n

where: G, - the shear modulus of the k-th layer of the rocks, pj - its density, n, - the coefficient of
viscosity, Hj - thickness of the k-th layer, n - the number of layers. The value of initial velocity for the
inertial movement of layers (which is equal to the after-rupture plate velocity, but in the opposite direction)
is assumed as per the following formula [4]:

v(M ,A)leO-eM‘S'S[l—é—:j : 2)

which represents the initial velocity (in cm/sec) of soil particles’ vibration at future rupture (4 = 0), or at a
distance of 4 from it, where R is the length of the deformed area measured from the expected earthquake
rupture (outside the area of R, the medium is assumed undeformed by the design earthquake). The values of
the length R and average slip u (in meters) depending on the magnitude M are determined per the following
formulas [10]:

R=(50+15)x10°, lgUu=0.55M -3.71. €))

The summary of the values for v(M, 4), R and i are provided in Table 1, along with rock stratum ultimate

(limit) shear strain values y,,, which were determined by the new methodology developed in [10],
according to which the relationship between y,., and earthquake magnitude M is as follows:

By assuming the solutions of the differential equation (1) as
uk(z’t):ZUki(Z)qi(t)’ hk—lijki(z)ghk ) k=L2...n, (5)
i=1

and satisfying the boundary and initial conditions of the problem [3], the following transcendental equation
for multilayer system, free oscillations frequencies and values of functions Uy;(z) and g;(t) are obtained.
The final values of displacements (seismograms) and accelerations (accelerograms) at the ground surface
(z=0) would be as follows [3]:

, A& T, .+t . 2
u,(0,t)=100-¢" 8-5[1—?J;u”(0)2—;5ie T sin T—”t

0i

AV& 27 e 2, ©)
ul”(O,t)=100-eM8'5[1——2JZUli (0)Zse ™ sin <Xt
= TOi TOi
hy
kZ: kaUki (Z)dZ
5, =t L i=123... @

where: p, = 27 the angular frequency of the whole multilayer system’s free oscillations derived from the
0i

relevant transcendental frequency equation, n, - the foundation bedding’s attenuation coefficient for the i-th

mode (N << p?,n, =1 = const,k = 1,2), T, - the period of the i-th mode of the foundation bedding

particle’s oscillation mode as shear seismic waves propagate with a velocity of (v ) in the layers of a

heterogeneous foundation bedding, and the functions U;(z) and q;(t) are as follows:

Uki(z): AdSin A2+ By;C0s A,

q(t)= e (c,sin pit+cy,cosprt) i=1,23. @
2 2
pipk:ﬂii, pi77=2ni'

.*: .Z—I'].2 ~ D.
Gk Gk pl pl i pl
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Table 1. Values of the soil particles’ oscillation velocities at the rupture v(M, A) in cm/sec, average slip u in meters, length of the deformed medium
area R in km, and ultimate shear strain of ground y;;,, , depending on magnitude M and distance from the rupture A in km [10]

Values of soil particles’ oscillation velocities v (M,A) in cm/sec depending on magnitude M, and distance from the rupture

[72]
T L D o H 1
c EEE E%; § s (A< R) inkm
= s 55 : Eo=S|g Values of A, in km
- D = S =2 - <
S| £ |Sygs|eS83S|€E7 2| 4 | 6| 8 |10 |15 | 202 3|3 |4/|4 |5 |55 |6 |65 |70 |75 |8 |8 |9 6 |10
= occC Lt |32 T E|OF D
@ S=E RS =25
S 2 |§ze¢|S8cs5|80¢ 17 | 24 | 27| 32 | 39 48 59 | 61 101
§ 5 c E S| 8 < Tel|s S
[<5} b~ %) — -
I |es3|d= P |E E 18
CL-ICE S - =
F 5 x £ S
= 19
6 0.39 16.9 0.11 8.2 8.1 7.7 7.2 6.4 5.3 1.7
6.25 0.54 17.7 0.21 10.5 10.4 | 10.0 9.3 8.4 7.2 3.0 0.8
6.5 0.73 18.6 0.31 135 134 | 129 | 12.1 | 110 9.6 4.7 0.9
6.75 1.00 20 0.40 17.4 17.2 | 16.7 | 158 | 14.6 | 13.0 7.6 1.7
7 1.38 21.9 0.50 22.3 221 | 216 | 206 | 193 | 17.7 | 11.8 3.7
7.25 1.90 24.3 0.60 28.7 285 | 279 | 26.9 | 25,5 | 23.8 | 17.7 9.2 0.7
75 2.60 28 0.70 36.8 36.6 | 36.0 | 351 | 33.8 | 32.1 | 26.2 | 18.0 7.5 2.6
7.75 3.57 32.8 0.79 47.2 471 | 465 | 457 | 444 | 428 | 374 | 29.7 | 19.8 1.7 2.3
8 4.90 39.5 0.89 60.7 60.5 | 60.0 | 59.3 | 58.2 | 56.8 | 519 | 45.1 | 36.4 | 25.7 | 13.0 15
8.25 6.73 48.6 0.99 77.9 777 | 774 | 76.7 | 758 | 74.6 | 705 | 64.7 | 57.3 | 48.2 | 375 | 25.1 | 11.1 1.9
8.5 9.23 61.1 1.09 100.0 999 | 99.6 | 99.0 | 983 | 97.3 | 940 | 89.3 | 83.3 | 759 | 67.2 | 57.1 | 45.8 | 33.0 | 19.0 3.6 0.3
8.75 12.68 78.4 1.18 128.4 | 128.3|128.1|127.7|127.1|126.3 | 123.7| 120.0 | 115.3 | 109.6 | 102.8 | 95.0 | 86.1 | 76.2 | 65.2 | 53.2 | 40.1 | 26.0 | 10.9 1.3
6.4
9 17.38 102 1.28 164.9 | 164.8 | 164.6 | 164.3 | 163.9 | 163.3 | 161.3 | 158.5 | 155.0 | 150.6 | 145.5 | 139.5| 132.8 | 125.3 | 116.9 | 107.8 | 97.9 | 87.2 | 75.7 | 63.5 | 50.4 | 36.5 | 21.9
3.2

! The values of the oscillation velocities of soil particles v (M, A) for values A< R that are not included in the main table are additionally indicated in green.
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Eigenmodes of oscillations for a two-layer base

Creation of synthetic seismograms and accelerograms is addressed in detail below for a two-layer
foundation bedding, the diagram of which is shown on Figure 2.

a b
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Fig. 2. The diagram of a two-layer foundation bedding deformation

The ground motion equation (1) for a two-layer foundation bedding is presented in the following forms:

o’y ou, oy, o%u o°u ou

- + =0, G,—~- 2+ £=0. 9
a2 e et a2 P e ©)
Solutions of these equations by separation of variables can be presented as follows:

u(z,t) = z Uy;(z)q;(t) for 0<z<H,
v (10)
uy(z,t) = z Uyi(2)q;(t) for Hy<z<H, +H,
i=1

Inserting (10) and (9) and separating variables for the functions U,, and U,,, as well as functions g,(t)
the following equations are obtained:

2 2
Ui(2)+ 4U,(2)=0, U3(2)+ £U,(2)=0, 4 =R, i = F P
1 : )

2
00+ 2ng(0)+ pia =0, To=2n, (i=123.)
k

Solutions of the equations (11) are then presented in the following form:
Uli (Z): A1i sin j'1iZ + Bli COSAHZ'
U2i (Z)= A2i sin ﬂ’ziz + Bzi COSZZiZ ) (12)
q;(t)=e™(c, sin pt+cysin pt), i=123...
where n, is the layers’ attenuation coefficient for the i-th mode.

Satisfying the boundary conditions of medium continuity at the layer separation and the initial conditions
which are as follows:
boundary and medium continuity condition:

for z=0 lezo, for z=H,+H, u,(zt)=0
oulz,t 0 ,t
for z=H, u(z,t)=u,(zt), G ul(zz )=62 Uza(zz ) 13
initial conditions: '
for t=0 u,(z,t)=0, k=12,
for t=0 %zv(M.A) k=12
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From the first four homogeneous equations (13) with respect to A; , A,;, B;;, B,; (from equality to zero of the
4th-order determinant) the following transcendental equation is derived for determining frequencies p, = _?_—7[ [4]:
Oi

PGy 27, (o 2 [Py o (14)
PG, Ty G To VG,

The values of coefficients A;, A,;, B,;, B, have the following form:

Ali =0
A, =-B, cos AH, cos,(H,+H,),  U,(z)=B,cos 2n 2
sin A,H, To.V51 (15)
JoB A G (e H,) U, (o) B, S g 27 H)
sin A,H, cos A,H, ToiVs,
From the last two equations (13) for coefficients c; , and c,, we obtain [4,7,8]
H;+H,
M A (J-pl 1i dZ+ Ipz 2i dZJ
C, =0, Ci = HoeH, = , 1=123.. (16)
{J‘pl 1i dZ+ Ipz 2i d J

where T,, =27z/p, is the free oscillations period of the i-th mode for a two-layer foundation bedding, the

values of which are determined by the transcendental equation (14).
The final expressions for displacements and accelerations at the ground surface (i.e. z=0 and assuming

that the attenuation coefficient values n; are small) will be:

A& T, . 4 . 2«
_ M-85 _ = 2 0i Toi T
u,(0,t)=100e (1 RZJ;Uli(O)ZﬂcSie sin TOit -
@
u{'(O,t):lOOeMS‘S( jZUlI( )L e ™ 'sin 2—”t
TO TUi

where 6, and @ are designated. @ is the decrement of vibrations of rock particles, which is assumed to be

the same for all oscillation modes of the base.

H,+H,
le‘U]J dz+p2 J.U2|
5 = R =123 (18)
P1 _[Ull dZ+p2 JU2|
Inserting the values of U,(z) and U, (z) from (15) into (18), &, is derived as follows:
27H,
27H COST v 27H
plvisin L+ p, 2:ZiH31 -(1—(:05 ZJ
Vs, TOiVSl sin —/—/—2 TOiVSZ
T,V
o =4. 0iVs2 P
| o 5 ,1=123.... (19)
0s !
AnH, . 4aH, TV, |(42H, . 47H,
’ —— L 4+sin +p, —sin
T V TO|VSl Sin2ﬂi_|72 ToV TOiVSZ

TOiVSZ
Values of the constant B;; can be assumed to be equal to 1 (B, =1), because considering formulas (15) and
(19), the final forms of (17) for seismograms and accelerograms u,(0,t) and u/(0,t), the values of B, will

cancel out.
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Accelerograms of two-layer and their equivalent single-layer foundations on the Earth's surface
The 16 variants of heterogeneous foundation beddings are considered: the main parameters are presented
in Table 2 and Figure 3, where H,and H,, v, and v5,, p, and p, are thicknesses, propagation velocities of

seismic shear waves and ground layer densities, respectively, while free oscillation periods Tyq, Ty and Ty3
for all 16 heterogeneous beddings are derived from the transcendental equations of frequencies (14), and
values of coefficients &, are obtained from the formula (19).

Table 2. Physical and mechanical properties of heterogeneous foundation beddings

Heterogeneous foundation beddings
Derived from the According to the
o é EH :\i é E :\i formula (14) formula (19)

= T - o T = 2 < 2
> 8 > 8 5 S 3 ) S &
1. |400 10 0.2 600 20 0.22 0.207 |0.073 |0.047 |1.891 |-0.522 | 0.483
2. | 250 10 0.2 600 20 0.22 0.232 |0.107 |0.056 |1.865 |-0.873 |0.861
3. | 200 10 0.2 400 20 0.22 0.380 |0.151 |0.080 |1.723 |-0.701 |0.714
4. | 150 10 0.2 300 20 0.2 0.458 |0.190 | 0.100 |1.842 |-0.787 | 0.498
5. | 150 15 0.2 250 15 0.22 0.657 |0.191 | 0.127 |2.095 |-1.000 |0.704
6. | 125 15 0.2 200 15 0.2 0.925 |0.308 |0.154 |1.903 |-0.488 | 0.486
7. | 100 5 0.18 600 25 0.22 0.246 |0.145 |0.069 |1.256 |-1.104 | 0.867
8. | 600 25 0.22 100 5 0.18 0.740 |0.107 |0.079 |6.329 |-0.126 | 0.330
9. |530 13 0.22 600 17 0.22 0.203 |0.071 | 0.042 |2.250 |-0.612 | 0.465
10. | 620 14 0.22 700 16 0.22 0.174 |0.061 |0.036 |2.406 |-0.631 |0.510
11. | 340 18 0.2 400 12 0.2 0.245 |0.098 |0.063 |3.491 |-1.105 |0.346
12. | 450 14 0.22 550 16 0.22 0.336 |0.074 |0.054 |1.789 |-0.672 |0.346
13. | 280 16.5 0.2 350 135 0.22 0.365 |0.132 |0.078 |2.729 |-0.813 |0.688
14. | 150 15 0.2 200 15 0.22 0.667 |0.222 |0.138 |2.442 |-0.816 |0.623
15. | 208 20 0.2 150 12 0.2 0.785 |0.228 |0.143 |3.282 |-0.587 | 0.443
16. | 200 4.8 0.1626 | 300 30.7 0.1775 | 0.469 |0.160 |0.100 |1.241 |-0.604 | 0.437

Equivalent homogeneous beddings

2 E |2 E 2 - - -
Ne g EH CE g E NE 5 3 S 3 1S 18 18

= T - S| I . s I~ I~ I~

> q > 8 SN

1. 400 10 0.2 |600| 20 0.22 514 |0.233|0.078 | 0.047 | 1.274 | -0.425 | 0.255
2. 250 10 0.2 |600| 20 0.22 409 |0.293 | 0.098 | 0.059 | 1.274 | -0.425 | 0.255
3. 200 10 0.2 |400| 20 0.22 300 |0.400|0.133|0.080 | 1.274 | -0.425 | 0.255
4, 150 10 0.2 |300| 20 0.2 225 |0.533|0.178 | 0.107 | 1.274 | -0.425 | 0.255
5. 150 15 0.2 |250| 15 0.22 187 | 0.640 | 0.213 | 0.128 | 1.274 | -0.425 | 0.255
6. 125 15 0.2 |200| 15 0.2 153 | 0.780 | 0.260 | 0.156 | 1.274 | -0.425 | 0.255
7. 100 5 0.18 [ 600 | 25 0.22 327 |0.367 | 0.122 | 0.073 | 1.274 | -0.425 | 0.255
8. 600 25 022 |(100| 5 0.18 327 |0.367 | 0.122 | 0.073 | 1.274 | -0.425 | 0.255
9. 530 13 0.22 |600| 17 0.22 567 |0.211|0.070 | 0.042 | 1.274 | -0.425 | 0.255
10. 620 14 022 |700| 16 0.22 660 | 0.182|0.061|0.036 | 1.274 | -0.425 | 0.255
11 340 18 0.2 |400| 12 0.2 361 |0.332|0.111 | 0.066 | 1.274 | -0.425 | 0.255
12. 450 14 0.22 |550| 16 0.22 498 | 0.241 | 0.080 | 0.048 | 1.274 | -0.425 | 0.255
13. 280 16.5 0.2 |350|135| 0.22 307 |0.390|0.130 | 0.078 | 1.274 | -0.425 | 0.255
14. 150 15 0.2 |200| 15 0.22 171 |0.700 | 0.233 | 0.140 | 1.274 | -0.425 | 0.255
15. 208 20 0.2 |150| 12 0.2 181 | 0.705|0.235|0.141 | 1.274 | -0.425 | 0.255
16. 200 4.8 |0.1626 | 300 | 30.7 | 0.1775 | 281 |0.505|0.168 | 0.101 | 1.274 | -0.425 | 0.255
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Fig. 3. Diagrams of the considered heterogeneous foundation beddings

Table 2 also provides the physical and mechanical characteristics for all equivalent homogeneous
foundation beddings: average values of propagation velocity of displacement waves Vg and densities 5,

which are determined by the following formulas?.

g o itH, 5 Hip+Hyp
© H _H, H,+H, (20)
Vsl Vsz

Values of the equivalent homogeneous foundation bedding first period are determined by the following

formula;

T, =4(H,+H,)/V, , 1)
whereas values of the next periods 7, (i=2,3,4...) and coefficients &, (i=1,2,3...) are assumed by the

formulas for a homogeneous foundation bedding [4,10]:

- T, = 4 (1™ ,
PiT T |:2,354... s 6i =TT |:1’2’3"‘ . 22
=51 ) 2i-1 )

2 RABC 20.04-2020. Earthquake Resistant Construction. Design Codes. Yerevan, 2020.
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The final results of calculations according to formulas (17) for peak ground displacements and accelerations
under M=7.0, 4=15km, and ground vibration decrement ©; = n;T,; = const (i = 1,2,3...) = 0.3 are
provided in Table 3. As seen in the Table, when replacing heterogeneous bedding with an equivalent
homogeneous one, the best approximation for ground accelerations uf,,,, and Ugmay OCCUrS When the
accelerograms of the equivalent heterogeneous bedding are calculated factoring in five modes of oscillation,

while for the heterogeneous bedding it is done in three modes.

Table 3. Peak values of seismograms and accelerograms for 16 heterogeneous

beddings and equivalent homogeneous beddings

Ne Heterogeneous beddings Equivalent homogeneous bedding _Ratios of real
displacements and
Actual values of 5 Equivalent values | Equivalent values accelerations of
= displacements and B of displacements of displacements heterogeneous
L2 accelerations with | 3 and accelerations | and accelerations stratification taking
g consideration of § @ | with consideration | with consideration into account three
§ three oscillations 2 3 _ of three of five oscillations | modes of oscillations to
£ g modes accordingto | g 1= | oscillations modes | modes according to | the equivalent taking
s "’H the formula (17) 3'5_ 8 according to the the formula (17) | into account five modes
B2 2 g | formula(17) of oscillations
'S =3 - .
38 S8 | o S. | & S, sls | sle
B | himax(0) Wimax (0] Se | S| Se | R OHT | oY
iT cm cm/s? g R \§§ £ =§§ E| & S| &
Z I3 IR IS B SIS 3113
1 | 0.207 0.75 1482 0.233 0.58 965 0.591 1374 1.29 1.08
2 | 0.232 0.88 1714 0.293 0.73 768 0.745 1077 1.21 1.59
3 | 0.380 1.35 1008 0.400 1.00 572 1.021 833 1.35 1.21
4 | 0.458 1.70 737 0.533 1.34 428 1.361 617 1.27 1.19
5 | 0.657 2.79 782 0.640 1.61 357 1.634 520 1.73 1.50
6 | 0.925 3.35 370 0.780 1.96 292 1.991 421 1.71 0.88
7 | 0.246 0.63 1173 0.367 0.92 623 0.937 901 0.68 1.30
8 | 0.740 8.24 794 0.367 0.92 623 0.937 901 8.96 0.88
9 | 0.203 0.89 1799 0.211 0.53 1057 0.535 1460 1.68 1.23
10 | 0.174 0.80 1959 0.182 0.44 1085 0.444 1266 1.82 1.55
11 | 0.245 1.62 1796 0.332 0.83 682 0.846 970 1.95 1.85
12 | 0.336 1.08 1049 0.241 0.60 950 0.615 1383 1.80 0.76
13 | 0.365 1.95 1309 0.390 0.97 579 0.990 829 2.01 1.58
14 | 0.667 3.23 699 0.700 1.76 325 1.786 467 1.84 1.50
15 | 0.785 4.77 592 0.705 1.77 321 1.797 462 2.69 1.28
16 | 0.469 1.09 622 0.505 1.26 445 1.283 635 0.87 0.98
Average value excludes Ne 7 and 8° 1.66 1.3

Figure 4 shows superposition of the first three oscillation modes for heterogeneous (a) and equivalent
homogeneous (b) foundation beddings. As it is apparent, although for the individual oscillation modes peak
occurrences hardly differ in time, the resulting acceleration for the heterogeneous bedding on average is
higher by 1.3 times compared to accelerations of the homogeneous bedding. Therefore, unlike with
homogeneous bedding, the superposition process in heterogeneous one largely depends on coefficients &;,
the values of which, unlike periods 7q;, depend on the medium deformation dynamic mode functions Uy, (z)
(k=1, 2). This is obvious also in Table 4, which provides comparative characteristics of the first oscillation
modes for heterogeneous and equivalent homogeneous foundation beddings.

% These variants are excluded because the physical and mechanical properties of their layers significantly differ
from each other, and therefore, the "method of averaging" is not applicable to them.
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Fig. 4. Acceleration time history curves (at ground surface) according to the formula (17): for individual
oscillation modes (first i=1, second i=2, and third i=3), and their sum (i=1+2+3), for the A 1 variant of
heterogeneous foundation bedding with T;; = 0.207 sec (a) and for the equivalent homogeneous bedding with

average value Ty, = 0.233 c. (b), under: M=7.0, A=15 km, &=@=©3=0.3

Table 4. Comparative characteristics of the fundamental oscillation periods and modes
for heterogeneous and equivalent homogeneous foundation beddings

Ne To1,S To1,S %’i & & & 2—: 2—: &t %
1 0.207 0.233 1.127 1.890 -0.522 0.483 3.62 3.92 1.274 1.483
2 0.232 0.293 1.266 | 1.865 | -0.873 | 0.861 2.14 2.17 1.274 | 1.464
3 0.380 0.400 1.053 | 1.723 | -0.701 | 0.714 2.46 241 1.274 | 1.352
4 0.458 0.533 1.164 1.842 -0.787 0.498 2.34 3.70 1.274 1.446
5 0.657 0.640 0.974 | 2.095 | -1.000 | 0.704 2.10 2.98 1.274 | 1.645
6 0.925 0.780 0.843 | 1.903 | -0.488 | 0.486 3.90 3.91 1.274 | 1.494
0.246 0.367 1492 | 1256 | -1.104 | 0.867 1.14 1.45 1.274 | 0.986
8 0.740 0.367 0.495 | 6.329 | -0.126 | 0.330 | 50.07 | 19.15 | 1.274 | 4.968
9 0.203 0.211 1.042 | 2250 | -0.612 | 0.465 3.67 4.84 1.274 | 1.766
10 0.174 0.182 1.044 | 2406 | -0.631 | 0.510 3.81 4.72 1.274 | 1.889
11 0.245 0.332 1.354 | 3491 | -1.105 | 0.346 3.16 10.09 | 1.274 | 2.740
12 0.336 0.241 0.718 | 1.789 | -0.672 | 0.346 2.66 5.17 1.274 | 1.404
13 0.365 0.390 1.069 | 2.729 | -0.813 | 0.688 3.36 3.96 1.274 | 2.142
14 0.667 0.700 1.050 | 2442 | -0.816 | 0.623 2.99 3.92 1.274 | 1.917
15 0.785 0.705 0.898 | 3.282 | -0.587 | 0.443 5.59 7.41 1.274 | 2576
16 0.469 0.505 1.076 | 1.241 | -0.604 | 0.437 2.05 2.84 1.274 | 0.974
Average value excludes No 7and 8 | 1.05 3.1 4.4 1.73

Seismograms and accelerograms for the first 8 variants are shown in Figure 5.

4 The ratio d, /5, for any homogeneous bedding equals to (-1)(2i-1), (i=1,2,3...).

112



Eduard Khachiyan, Levon Levonyan, Naira Egnatosyan

0.8 - uy(0,t), cm
T,,=0.207 s
0.6 - U; 12x=0.75 cm
0.4 A
0.2 4 /\ /\ /\ t,s
0 T T T |/\ T /\ T /\Wf\vf\\l
¢ |02 0406%}\}/ MMLG 1.8 2
-0.2 -
-0.4 -
-0.6 -
1 u,(0,t), cm
T,,=0.232's
0.8 - U; 1a=0.88 sm
0.6 4
0.4 -
0.2 - /\ 1,5
0 T T U T [l\ /I\ /\ I/\\://-\\{
ey v RN
-0.4 4
-0.6 -
-0.8 -
15 - u,(0,t), cm
Ty,=0.38 s
1 U; max=1.35cm
0.5 A /\
. , N7
[} 02 .4 VIZ \/16\&;2
-0.5
-1 A
2 - u,(0,t), cm
T,,=0.458 s
1.5 A1 U; max=1.7 cm
1 A
N BN e
0 T T T T T T T T 1
9 02 0. O.GW 1 x.\Z/{A 1. 8 2
-0.5 A
-1 4
-1.5 4

3.

1600
1400
1200
1000
800
600
400
200
0
-200
-400 A
-600 -
-800 -
-1000 -

u”(0,t), cm/s?

T,,=0.207 s
=1492 cm/s?

n
u 1 max

u”,(0,t), cm/s?

T,,=0.232 s
U’} max=1714 cm/s?

u”,(0,t), cm/s?

Tp;=0.385 s

u”; hax=1008 cm/s?

-500 A

-1000 -

1000 -
800 -
600 -
400 -

200 -'ﬂ
0

u u ~ ) T v T I 1
OV\/JA 0%~ 0.8 WI.Z 14 16 18 2

u”,(0,t), cm/s?

T,,=0.458 s
u") =737 cm/s?

-200
-400 1

-600 -

Fig. 5. Synthetic seismograms and accelerograms of 16 variants of heterogeneous foundation beddings (Fig.3)
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Fig. 5. (continued)
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Fig. 5. (continued)
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Fig. 5. (continued)
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Conclusion

The article develops a method for predicting seismograms and accelerograms for heterogeneous
foundation beddings with known physical and mechanical characteristics of the bedrock layers, depending
on the earthquake magnitude M>6.0 and the distance of a given construction site from the fault line. For 16
typical two-layer beddings in soils of various seismic categories, seismograms and accelerograms were
obtained for M=7.0 and distance from rupture line A=15km. A method is suggested to replace
heterogeneous foundation beddings with equivalent homogeneous ones and quantitative estimates of such
replacements are derived. It is shown that the fundamental oscillation mode period Ty, of the actual
heterogeneous bedding changes (both increases and decreases) on average by 1.5 times, whereas the second
and third oscillation mode periods on average by 1.3, and 1.05 times, respectively, compared to the periods
of the second and third oscillation modes of the heterogeneous bedding. It should be noted that with such
replacements there could be an increase in ground accelerations up to 1.6 times. Calculations for the
equivalent homogeneous bedding that consider five oscillation modes instead of three, show ground
acceleration decreases up to 1.3 times. It has been found out that heterogeneity of the foundation bedding, in
fact, leads to increased acceleration and displacement values at the ground surface due to a significant
change in the modes of dynamic deformation of the medium (the function U,(z) and coefficients &)

compared to the homogeneous beddings.
Conflict of Interest

The authors declare no conflicts of interest.
Funding

This research did not receive any financial support.
References

[1]. N.M. Newmark, E. Rosenblueth, Fundamentals of Earthquake Engineering. Englewood Cliffs, N.J.,
Prentice-Hall, 1971.

[2]. S. Okamoto, Introduation to Earthquake Engineering. University of Tokyo Press, 1984.

[3]. E.Y. Khachiyan, On the Possibility of Predicting Seismogram and Accelerogram of Strong Motions
of the Soil for an Earthquake Model Considered as an Instantaneous Rupture of the Earth’s Surface.
Seismic Instruments, 51 (2), 2015, 129-140. Doi: https://doi.org/10.3103/S0747923915020036

[4]. E.Y. Khachiyan, Predicting of the Seismogram and Accelerogram of Strong Motions of the Soil for
an Earthquake Model Considered as an Instantaneous Rupture of the Earth’s Surface. Earth Sciences,
7 (4), 2018, 183-201. Doi: https://doi.org/10.11648/j.earth.20180704.16

[5]. D.L. Wells, K.l. Coppersmith, New Empirical Relationship among Magnitude, Rupture Length,
Rupture Width, Rupture Area, and Surface Displacement. Bulletin of the Seismological Society of
America, 84 (4), 1994, 974-1002.

[6]. K. Kasahara, Earthquake Mechanics. Cambridge University Press, 1981.

[7]. H. Jeffreys, B. Swirles, Methods of Mathematical Physics. Cambridge University Press, 2nd ed., 1950.

[8]. A.N. Tikhonov, A.A. Samarsky, Uravneniya matematicheskoi fiziki. Nauka, Moscow, 1977 (in Russian).

[9]. C. Lomnitz, E. Rosenblueth, Seismic Risk and Engineering Decisions. Elsevier Science Publishing Co,
New York, 1976, 141-177.

[10]. E.Y. Khachiyan, Analysis of the Values of Ground Displacements, Shear Strains, Velocities and
Accelerations, and Response Spectra of Strong Earthquake by Synthetic Accelerograms. Earth
Sciences, 11 (5) 2022, 327-337. Doi: https://doi.org/10.11648/j.earth.20221105.19

[11]. E.F. Savarensky, Sejsmicheskie volny. Nedra, Moscow, 1972 (in Russian).

Eduard Khachiyan, Doctor of Science (Engineering), Professor, Academician of NAS (RA, Yerevan) -
National University of Architecture and Construction of Armenia, senior researcher at the "Maintenance
and Development of the Research Laboratory of Construction and Architecture”, Institute of Geological
Sciences, NAS, edkhach@sci.am

Levon Levonyan, Doctor of Philosophy (PhD) in Engineering (RA, Yerevan) - National University of
Architecture and Construction of Armenia, Associate Professor at the Department of Mathematics,
Structural Mechanics and Physics, levon_levonyans@mail.ru

Naira Egnatosyan, Doctor of Philosophy (PhD) in Engineering (RA, Yerevan) - Institute of Geological
Sciences, NAS, National University of Architecture and Construction of Armenia, Associate Professor at
the Chair of Heat and Gas Supply and Ventilation, egnatosyan@yahoo.com

117


https://doi.org/10.11648/j.earth.20221105.19
mailto:edkhach@sci.am
mailto:levon_levonyan5@mail.ru
mailto:egnatosyan@yahoo.com

