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Abstract. The paper focuses on methods for dynamic analysis used in modern
construction. The real object located in the Comintern district of Odessa region
is taken as an example. When the earthquake loads are simulated, the authors
use real accelerograms that were taken during the earthquake at the construction
site of the object. For this construction site, several accelerograms were gen-
erated; they simulate 7 units of magnitude earthquakes from Vrancha zone and
local focal zones. Analysis is carried out with obtained three-component
accelerograms by the method of spectral analysis, and direct dynamic analysis
was carried out. Described technique enables the user to simulate behaviour of
the structural system of a building based on the finite elements developed and
implemented in LIRA-SAPR program; these finite elements simulate vibration
damping, to remedy the shortcomings of spectral and direct dynamic analyses. It
also enables the user to solve physically nonlinear problems with soil and do not
significantly increase the size, and respectively, time for analysis of the problem.

Keywords: Seismic sustainability � Finite element method � Substructure
method � Computer modeling � LIRA-SAPR

1 Introduction

To provide the safety of buildings and structures in earthquake loads, new methods of
earthquake-resistant design [1, 2] are developed based on computer simulation of
structures’ behaviour in future earthquake loads [3]. Such methods take into account
building codes of different countries, specific aspects of earthquake-resistant con-
struction, and soil properties.

When behaviour and reaction of building structures to earthquake loads are sim-
ulated, it is necessary to take into account many factors, such as distance from the
earthquake focus (hypocenter), 3D behaviour of the structure, interaction with the soil,
account of physical nonlinearity [4], etc.

Seismic areas with predicted intensity of earthquake as 7, 8 and 9 units of mag-
nitude occupy up to 20% territory of Ukraine. There are many industrial and cultural
centres there; the active construction is often underway. It is highly important to design
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the earthquake-resistant structures in the rational manner, to improve their reliability
and structural safety. Seismic sustainability of buildings [5] erected in the seismic
regions of Ukraine shows that the actual earthquake loads on the building significantly
exceed design loads that were stipulated in regulatory documents.

2 Purpose

Due to analysis of the system ‘overground structure – foundation – soil’, it is possible
to consider the pressure of the soil space on the stress-strain state of the whole building.
As a rule, numerical solution of problems based on the FEM involves a limited finite
soil region. The question is how to correctly model the infinite half-space of the soil
and define boundary conditions to consider the real damping properties of soil [6].
When the earthquake loads are simulated, boundary conditions should provide
damping and infinite wave propagation through the soil.

There are two general approaches to model the soil-structure interaction in dynamic
analysis. The essence of the direct method is that the soil area is cut off quite far from
the building and rigid boundary conditions are imposed.

3 Method

The method of substructures (SBFEM) was proposed by John Wolf [7]. This method is
based on the conversion from the Cartesian coordinate system X, Y (in 2D problem) to
the isoparametric coordinates n, η. Geometry of the region is described by scaling the
boundary with the dimensionless radial coordinate n that starts from the scaling centre
(point O) to the point on the boundary. n = 0 at the point O and n = 1 at the boundary
(Fig. 1). The SBFEM method is more accurate than the direct method, so the simulated
area may be smaller than for the direct method. As a rule, in this method, the exact
boundary conditions are expressed in a dynamic stiffness matrix ½SðtÞ1�.

Fig. 1. Isoparametric coordinates n, η.
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Along the radial line drawn from point O to the node at the boundary, a nodal
displacement function is introduced and the equation of displacements is composed.

½E0�n2 uðnÞf g;nn þð½E0� � ½E1� þ ½E1�TÞn uðnÞf g;n �½E2� uðnÞf gþx2½M0�n2 uðnÞf g ¼ 0; ð1Þ

where ½E0�, ½E1�, ½E2� and ½M0� matrices with coefficients.
Connection between the two parts of the soil is provided by the interaction vector

RbðtÞf g ¼
Z t

0

½M1ðsÞ� _uðt � sÞf gds; ð2Þ

Where ½M1ðsÞ� - acceleration unit-impulse response matrix, determined as

Z t

0

½m1ðs� tÞ�½m1ðsÞ�dsþ t
Z t

0

½m1ðsÞ�dsþ ½e1�
Z t

0

Zs

0

½m1ðsÞ�dtds

þ ½e1�T
Z t

0

Zs

0

½m1ðsÞ�dtds� t3

6
½e2�HðtÞ � t½m0�HðtÞ ¼ 0;

ð3Þ

where ½m1ðsÞ� acceleration unit-impulse response matrix in transformed coordinates,
½e1�, ½e2� and ½m0� matrices of coefficients, HðtÞ - Heaviside step function.

Based on Eq. (1) and Eq. (2), the finite elements [8] were developed and imple-
mented in LIRA-SAPR software. These elements simulate interaction between the
limited part of soil and the rest part of the half-space: 2-node FE for solving 2D
problem, 3-node and 4-node FE - to solve 3D problems.

Spectral analysis of earthquake load is usually carried out. The serious shortcoming
of this approach is that it is not possible to take into account physical nonlinearity and
the soil.

The paper describes technique for simulation and dynamic analysis; this technique
could remedy the shortcomings of the spectral method.

4 Numeric Test

The model of real building is considered; the building is located in the Comintern
district of Odessa region, it is considered as seismically dangerous and seismically
active zone of Ukraine. The focuses of the most severe earthquakes are located in
Vrancha zone and in Dobrudji region at a distance of up to 300 km from the con-
struction site.

For this construction site, several accelerograms were generated; they simulate 7
units of magnitude earthquakes from Vrancha zone and local focal zones (Fig. 2).
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Based on the data [9], 3D computer model of 13-storey building was generated in
the LIRA-SAPR program (Fig. 3). Analysis is carried out with obtained three-
component accelerograms by the method of spectral analysis, and direct dynamic
analysis was carried out [10].

Fig. 2. Graph of three-component accelerogram that simulates the earthquake with 7 units of
magnitude.
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Fig. 3. General view of design model.
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Let us compare results of displacements along the X-axis obtained in spectral
method (Fig. 4) and max displacements obtained in the direct dynamic method
(Fig. 5). There is a significant difference in the stress-strain state of the structure.

Fig. 4. Displacements along the X-axis in spectral analysis.
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Fig. 5. Displacements along the X-axis in direct dynamic method.

However, it should be mentioned that max displacements of the system in analysis
by direct dynamic method occur after the end of load action. The load lasts 41 s, and
max displacements are achieved at 49.6 s. This is because when seismic wave reaches
the boundary of FE model, it is reflected from the boundary and returns to the structure.
This is clearly visible on the graph of displacements for the node (126511) (Fig. 6) of
the last storey (Fig. 7) and on the graph of kinetic energy of the system (Fig. 8). After
the end of the load action, the energy does not decrease and even tends to increase.
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The results indicate that the system does not work properly. At the end of the load
action, instead of kinetic energy attenuation, the energy increases. To eliminate such an
unacceptable effect, new FEs were developed in LIRA-SAPR program; they simulate
unbounded substructure. When such FEs are applied at the boundary of soil model,
displacements correspond to the amplitude values of applied accelerogram (Fig. 9 and
10). Moreover, in Fig. 11 we see that kinetic energy of the system decays when
dynamic load is ended, which is natural.

Fig. 6. Location of node 126511 on the model.
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Fig. 7. Displacements along the X-axis at node 126511.

Fig. 8. Kinetic energy for the system.
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Fig. 9. Displacements along the X-axis in direct dynamic method.
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Fig. 10. Displacements along the X-axis at node No. 126511.

Fig. 11. Kinetic energy of the system.
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5 Conclusions

Described technique enables the user to simulate behaviour of the structural system of a
building more accurately, to simulate vibration damping, to remedy the shortcomings
of spectral and direct dynamic analyses. It also enables the user to solve physically
nonlinear problems with soil and do not significantly increase the size, and respec-
tively, time for analysis of the problem.

Together with the technique of seismic microzoning, described technique enables
the user to simulate adequate behaviour of buildings and structures in earthquake loads
in order to evaluate the seismic resistance.
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