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Summary: This paper presents the results of dynamic response analysis of earthquake

induced ground surface motions along future Belgrade metro line. Soil properties were

obtained from existing geotechnical documentation. Analysis was performed using one

dimensional (I1D) equivalent linear approximation of nonlinear response, induced by

vertically propagating SH-waves. Soil is represented as the layered half-space with

different layer properties and viscoelastic behavior. Comparative analysis for two

chosen earthquakes with different frequency spectrum is presented and appropriate

conclusions were made.
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1. INTRODUCTION

Evaluation of ground response is one of the most important problems in geotechnical
carthquake engineering. Despite the fact that soil deposit is much thinner than the rock,
its effect to the ground response is significant. Methods of analysis depend on the
problem dimension. 1D analysis is the simplest one, but it can predict ground response
with high accuracy [1]. It is based on two assumptions - layers must be horizontal and
infinite in horizontal direction with constant soil/rock properties, and dynamic response
is induced by vertically propagating SH-waves. This is commonly satisfied because
shallow layers usually have lower wave propagation velocities than deeper layers, so the
inclined wave ray that reach horizontal boundaries is reflected to a more vertical
direction.
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2. METHOD OF ANALYSIS

1D analysis used in this paper is based on the transfer function of the vertically
propagating SH-wave in the frequency domain. This function represents response
parameter (displacement, acceleration etc.) with respect to an input motion parameter
(such as bedrock acceleration). It is usually defined with the following expression:
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where 4; and 4,, are amplitudes of the motion parameters on the ground surface and on
the bedrock, respectively. Transfer function is a complex function that can be visualized
by its modulus which is called amplification function. This has local maximums at so
called natural frequencies of the soil deposit. Soil behavior is assumed to be viscoelastic,
according to Kelvin-Voight model, and bedrock is elastic.

Initial step in the analysis is to express bedrock motion time history as a Fourier series,
so the stochastic input motion is converted into the sum of harmonic functions. By
multiplying each term in series with the transfer function, Fourier series of the ground
surface motion is calculated. Output motion in time domain is expressed by inverse FT.
This analysis, therefore, uses the principle of the superposition — it is limited to the
analysis of linear systems, where shear modulus G and damping & are assumed to be
constant. In real soil they are strain-dependent. Nonlinear soil behavior is approximated
by iterative procedure. In first iteration initial estimates of G and ¢ are made and ground
response is calculated. Then the effective shear strain y.4 in each layer is calculated, and
it is assumed as 65% of maximum shear strain to avoid influence of local maximums in
input motion [1]. Based on y.4 new values of G and ¢ are chosen for next iteration, and
procedure is repeated until differences between dynamic properties in two successive
iterations fall below defined tolerance (assumed 5%) in all layers. Described method is
still linear analysis — G and ¢ are constant during single iteration, but they are compatible
with the achieved strain level. The main step in the analysis is calculation of the transfer
function for the layered half-space, consisting of N layers, where N layer is bedrock.
Equation of motion for vertically propagating SH-wave state as follows:

u(z,1) = 4" 4 gl ) @

where 4 and B are amplitudes of the transmitted and reflected waves, travelling in the —z
(upward) and the +z (downward) directions, respectively, and kK =a/v, is the complex
wave number [1]. From compatibility conditions and equilibrium equations on the layer
boundaries, the following recursion relation between amplitudes in two nearby layers
can be obtained:

A = A—(l +a )e'k':h“ + B—(l —a’ )e_i"“)h" ,m=1,,N 3)
2 2
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where a,, = p, (v), /P, (V). is impedance ratio between layers m and m+1 [1]. From

stress boundary condition at the ground surface (t=0) follows that 4,=B;. The
amplitudes 4,, and B,, in each m™ layer are calculated successively using the Egs. (2) and
(3). The transfer function is finally obtained from the Eq. (1).

3. SOIL PROFILE AND CHOSEN EARTHQUAKES

Table 1. Dynamic model parameters

Soil/Rock h p Vg & G/G,,q CUrVE
Profile Layer Type [m] | [g/em’] | [m/s] | [%] & curve
Silty sand Clay PI=5-10 [4]
! sediments 320 1.70 100 2 Clay — Average [4]
Pl 2 A”u“lal 260 | 200 | 450 | 1 Gravel [5]
Zemun graves
3 Clay 1ol 210 750 | Clay PI=5-10 [4]
sediments ) ' Clay — Average [4]
4 Limestone 2.25 1155 1 Rock [7]
1 Allavial 1061 190 | 300 1 Sand — Average [6]
sands
P2 2 Allwvial 4551 500 | 450 | 1 Gravel [5]
Novi gravels
Beograd Clay Clay PI=20-40 [4]
3 sediments 1551 210 750 ! Clay — Average [4]
4 Limestone 2.25 1155 1 Rock [7]
Silty sand Clay PI=5-10 [4]
! sediments 73 1.65 100 2 Clay — Average [4]
P3 Clay Clay PI=20-40 [4]
Center 2 sediments 200 2.00 323 ! Clay — Average [4]
3 Marl 17.5 2.00 450 1 Rock [7]
4 Limestone 2.25 1155 1 Rock [7]
P4 1 Sllty sand 65 1.85 130 ) Clay PI=5-10 [4]
Tatmaidan sediments Clay — Average [4]
J 2 Limestone 2.25 1155 1 Rock [7]
Silty sand Clay PI=5-10 [4]
! sediments 0.0 1.90 130 2 Clay — Average [4]
P5 Clay Clay PI=20-40 [4]
Peram 2 sediments 8.0 2.00 323 ! Clay — Average [4]
3 Marl 28.0 | 2.00 450 1 Rock [7]
4 Limestone 2.25 1155 1 Rock [7]
1 Sllty sand 14.0 1.85 130 ) Clay PI=5-10 [4]
P6 sediments Clay — Average [4]
. Clay Clay P1=20-40 [4]
Ustanicka 2 sediments 5.0 2.00 325 1 Clay — Average [4]
3 Marl 26.0 | 2.15 450 1 Rock [7]

| 3BOPHUK PAOOBA TPABEBVHCKOI ®AKYJTITETA (2014) | 427



40 ANNIVERSARY FACULTY OF CIVIL ENGINEERING SUBOTICA

International conference

Contemporary achievements in civil engineering 24. — 25. April 2014. Subotica, SERBIA

| | 4 | Limestone | | 225 [1155] 1 | Rock [7] |

Soil profile along future Belgrade metro line consists of several soil and rock types: clay
sediments, alluvial sands and gravels, silty sand sediments, limestone and marl. Dynamic
parameters for six characteristic profiles (P1-P6) were obtained from the existing
geotechnical data [2] and are stated in the Table 1. The appropriate modulus reduction
curves (G/G,,) and damping (&) curves were adopted from [4-7]. Two earthquakes
Loma Prieta (LP) and Chi-Chi (CHC) were chosen for the analysis [8]. Their characteristics
are given in Table 1. Maximum horizontal peak ground acceleration (PGA) corresponds
to a maximum PGA for Belgrade for the return period of 475 years [3]. The maximum
peak ground displacements (PGD) have almost the same values.

Table 2. Earthquake data

. PGA | PGD At
Earthquake Magnitude
d ¢ [g] | [em] | [ms]
Loma Prieta 18.10.1989. (LP) 6.9 0.08 53 5
Chi-Chi, Taiwan 20.09.1999. (CHI) 7.6 0.08 5.6 5

Input bedrock motions and Fourier Amplitude Spectrums (FAS) for chosen earthquakes
are shown in Figures 1 and 2, respectively.
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Figure 1. Bedrock displacements time history
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Figure 2. Fourier Amplitude Spectrum of bedrock displacements

4. RESULTS OF THE ANALYSIS

Ground response analysis was performed using MATLAB program written by the
author. Calculated amplification functions and ground surface motion for six soil profiles
are presented in Figures 3 and 4.
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Figure 3. Amplification functions for a) Loma Prieta and b) Chi-Chi earthquake
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Figure 4. Ground surface motions for a) Loma Prieta and b) Chi-Chi earthquakes

S. CONCLUSIONS

From the results of ground response analysis presented above, the following conclusions
were made:

e Maximum ground response is acquired for LP earthquake in P6. Reason for this can
be that fundamental frequency of the LP earthquake (0.88 Hz) is the same as the
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fundamental frequency of soil deposit in P6. Also, there is relatively thick layer of marl
directly above the bedrock with small damping ratio. Response in profile P3 is smaller
(5.47 cm), despite the fact that its amplification is larger than in the profile P6, since the
fundamental frequencies of earthquake and soil deposit don’t match. Response in other
profiles is smaller and deamplified.

e Maximum ground response for CHI earthquake is smaller than for LP earthquake,
and is almost equable along the route — response in profiles P1, P3, P5 and P6 are
between 6.31 and 6.64 cm. Reason for this can be almost similar layout of layers in the
profiles P3, PS5 and P6. Response in other profiles is smaller and deamplified.

e The smallest ground response for both earthquakes is obtained in profile P4 (3.25cm
and 4.72cm), despite the fact that bedrock is very shallow. Small thickness of the layer
above leads to the large shear deformations, even for relatively small input displacement.
Large shear deformation combined with the very small v, leads to the very large
damping which consequently reduces the response.
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JANHAMMNYKHA OAT'OBOP ITOJIOT'E YK TPACE
BYAYHRE JIMHUJE BEOI'PAACKOI' METPOA

Pesume: YV 060om pady npuxazanu cy pesyimamu APOPAYYHA OUHAMUYKOZ 002080pa HA
noBpuIUHY Clojesumoz maa Oysc mpace Oyoyhe nunuje beoepadckoe mempoa ycieo
dejcmea 06a uzabpana semmompeca. Ilodayu o may 3a wecm KapakmepucmuyHux
npoguia npeyzemu cy u3 pacnonodxcuge 2eomexuuuxe Ooxymenmayuje. Ilpopauyn
npocmuparsa  gepmuxannux SH-manaca usgpwen je Mmemooom — eKeueaieHmue
jeOHoOuMmen3uoHaiHe JuHeapHe anaiuze. Tio je npedcmas/beHO CUCMEMOM Clojesa
o0zosapajyhux kapakmepucmuxa. Ilonawarse maa je guckoenacmuyto. 3a dejcmao 08a
00abpana 3emmompeca paziudumoz (PpeKgeHmHoz cacmaga Npukazama je ynopeoua
aHanu3a pe3yimama u uzgedeHu cy 00208apajyhu saxoyuyi.

I(/byunepeuu: Hpocmupa}be maJnaca, Cﬂojeeum noaynpocmop, eK6usdJeHImnua Juneaprua
OUHAMUYKA aHaaiusza, Beoepadcxu Mempo, 3emM/bOMPECHO UHHCERHEPCIMBO
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