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SEISMIC EVALUATION OF A SIX STOREY FRAME STRUCTURE
CONSIDERING SOIL EARTHQUAKE RECORDS FROM BALKAN
REGION

Abstract:

This study emphasizes numerical modeling of soil medium including boundary conditions, rather than the
conventional focus on input earthquake accelerations with simplified Winkler soil models typically used in
soil-structure interaction (SSI) problems. A six-story frame structure founded on relatively soft ground is
numerically simulated in ANSYS using user-defined elements, with the soil medium modeled according to
Eurocode 8 and boundaries represented by infinite elements to prevent outward wave propagation. The analysis
considers different earthquake scenarios from the Balkan Peninsula (Montenegro, Albania, and North
Macedonia) that vary in magnitude and frequency, incorporating nonlinear soil behavior to evaluate how
combined soil conditions and seismic input simultaneously affect structural performance.
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CEU3MUNYKA OIIJEHA INECTOCIIPATHE OKBHUPHE
KOHCTPYKIHMUJE Y3UMAJYRHU Y OB3UP 3EM/bBOTPECHE 3AIIMCE
N3 PETUMOHA BAJIKAHA

Caricemax:

OBO HCTpaXUBaE CTABJbA AKIICHAT HAa HyMEPHUIKO MOJIEIHMPAhE T/a U OAr0Bapajyhnx TpaHIIHUX YCIIOBa, 32
pa3nuKy of yoOH4ajeHoT MPUCTYTIA y aHATH3aMa MHTEPAKIHje TIIO—KOHCTPYKIHNja, KOju ce Hajdemhe 3acHUBA
Ha aHAJIM3M yJa3HUX CEM3MHUKHX yOp3ama y3 NpHUMjeHy II0jeIHOCTAB/EHHX BHHKICpOBHX Mozena Tia.
[IlecrocnpaTHa OKBHpHA KOHCTPYKIMja TeMeJbEeHA Ha PENaTHBHO MEKOM TJIy HyMEpHUKH je€ CHMYJIHCAaHA Y
nporpamckoM nakety ANSY'S kopumhemem KOpuCHHUKY AeUHUCAHNUX eeMeHaTa. Mozen Tia ¢popMupad je
y ckmamy ca oapendama cranaapaa EBpokon 8, 1ok cy rpaHWYHE 30HE JJOMEHA NpeCTaBheHe OECKOHAYHUM
€JIEMEHTHMA Ca IIIbEM CIIpeyaBama OA0Mjamba 1 BjEIITAYKOT IHPEHha CCM3MUUKIX Tanaca Ka CHOJbAIIOCTH
Mojena. Y aHAIN3H Cy pa3MaTpaHU pa3IMdUTH CLICHapHjH 3eMJBOTpeca ca moapydja bankanckor momyocTpsa
(Upra Topa, Ambanmja m CjeBepHa Makenonuja), koju ce MmehycoOHO pasnuKyjy HO MarHUTYOW |
(b pexBeHIjcKkoM canpxajy. [Ipu Tome je y MoJen ykiby4eHO HeJIHEeapHO TIOHAIIAke TIa Kako O1 ce MCIIHTao
KOMOMHOBAHM YTHI[Aj KapaKTEPHCTHKA TJIa U yJIa3He CeM3MHUKE T00YAe Ha OATOBOP KOHCTPYKIIH]E.

Kmwyune peyu: unmepaxyuja maa u KOHCMpyKyuje, pPamoscKka KOHCMPYKYUja, ceusmuixa
esanyayuja, Hymepuuko mooenuparse, Eepoxod 8



1. INTRODUCTION

Recent decades have witnessed significant advancements in software capabilities for numerical
simulation of frame structures, where earthquake input is considered as time-dependent acceleration.
Simulating soil-structure interaction problems requires the simultaneous consideration of both soil
and structure, which can be time-consuming and needs attention. Moreover, in numerical simulation
of soil medium as a wide region the boundaries should be given special concern to prevent the results
by reflection of the traveling waves in the soil medium. In dynamic analysis the situation is
additionally complicated by the inertia terms such the radiation of the wave should be considered.
The problems in soil structure interaction arise when computing the structural response to seismic
response especially when tall buildings are supported [1]. Site-specific recorded ground motions,
which are reasonably representative of the projected seismic hazard, are often unavailable for most
locations. Additionally, engineers understand that, due to the stochastic nature of earthquake ground
motion, the information obtained from a structural response analysis using a single record is highly
unreliable [2], potentially misrepresenting both the magnitude and distribution of structural
demands. The inclusion of the soil structure interaction effects influences the results considerably.
Recent publications have focused on assessing the safety of massive structures when subjected to
seismic forces. The behavior of large structures founded on relatively soft ground in dynamic
scenarios can be significantly affected by both soil-structure interaction and the characteristics of
the applied excitation loads.

2. SOIL STRUCTURE INTERACTION

In order to accurately model the soil medium in soil-structure interaction problems, either the finite
element region should be sufficiently widened to prevent reflection of seismic waves from the
boundaries, or special boundary conditions should be employed to absorb the waves at the
boundaries. The influence of the soil medium in the response of SSI system has been considered
analysing different earthquake data from the Balkan Region. The soil medium is considered to be of
medium dense sandy material which can be presented as a B type of soil according to Eurocode 8
classification. Table 1 presents the soil layer properties, where deeper layers are characterized by
enhanced shear strength and stiffness:

Table 1. Soil layers properties

Number  Thickness (m)  Unit weight (kN/m*)  Shear Velocity in soil

of layer medium (m/s)
1 8 16 330
2 10 17 420
3 12 18 510

The soil layer properties have been varied for a three-layer ground profile with a total depth of 30m.
The layer geometry is presented in Figure 1 below. The soil material behavior is modeled using the
Drucker-Prager constitutive model as implemented in ANSYS software.
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Figure 10. Numerical model of SSI (figure created by author)

In this direct time-domain method, the soil medium is modelled using two-dimensional quadrilateral
elements with the finite element method. Similar soil-structure interaction problems have been
studied by other authors [3], [4]. To provide a complete representation, the soil side boundaries are
simulated as a domain composed of finite elements bounded by infinite element boundaries.

The six storey frame structural elements are idealized as two-dimensional elastic beam elements
having three degrees of freedom at each node: translations in the nodal x and y directions and rotation
about the nodal z axis. The frame structure is assumed to behave elastically and has been modelled
using two parameters: the modulus of elasticity E = 3.15x107 kPa and Poisson's ratio v = 0.2. The
bay length of the frame is 4.0 m, while the storey height is 3.0 m. The beam cross-section is 40 x 50
cm and the column cross-section is 50 X 50 cm. A mass of 11 tons is assigned to each node to
simulate realistic structural behavior (a total of 44 tons per floor). The structure is modelled as a six-
storey RC frame, and the soil medium is represented as a two-dimensional model composed of three
layers resting on bedrock.

The dynamic analysis has been performed using transient analysis with the step-by-step method.
The proportional viscous damping matrix is taken to be proportional to both mass and stiffness
matrices (Rayleigh damping). Finite element modelling of the coupled soil-structure system is
performed using ANSYS software. The effect of soil-structure interaction is evaluated using
acceleration time histories of different earthquakes scaled to a peak ground acceleration of 0.25 g.
Modal analysis of the coupled soil-structure system yields a fundamental period of 0.5 s, which
plays an important role in defining the overall response of the structure resting on the soil layers.

2.1. DETERMINATION OF SEISMIC ACTION

Dynamic response of a structure supported on flexible soil may differ significantly from the response
of the same structure when having a rigid base [5]. As given in the work of many authors, the spatial
variability of ground motion includes wave passage effects which influence the ground motion at
the intersection with the structure founded on top the soil. A time-domain analysis is performed to
capture the modifications in earthquake time histories, incorporating both recorded strong motion
accelerograms and an artificial earthquake generated in accordance with EC8 soil type B
requirements. The availability of earthquake information is an important component in seismic
analysis of structures. As given in Eurocode 8, the excitations should be preferably consisting of
accelerograms recorded on soil sites in real earthquakes as they possess realistic low frequency
content. The location for which the analysis has been done is in Skopje, capital of Macedonia for
which according to geotechnical analysis soil type of B is chosen according to Eurocode 8 soil
classification. The earthquakes which have been selected are the earthquakes from surrounding
locations in coordination with the Seismic zoning map for return period of 475 year [6].
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Figure 11. Location of this study in the map (created by author).

Figure 2 indicates that the Skopje region is characterized by a peak ground acceleration of 0.25 g.
Consequently, all selected earthquake time histories have been scaled to this value. The acceleration
spectra of the selected earthquakes are presented in Figure 3, together with the EC8 Type 1 for soil
tye B soil spectrum for comparison
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Figure 12. Comparison of return spectra from earthquakes including ECS8 type 1

for soil type B (created by author).

Figure 3 shows that the Bitola NS and Gevgelija NS ground motions have pronounced short-period
spectral peaks, while the Bar NS motion peaks at 0.8-1.2 seconds. This demonstrates the diverse
frequency content among the selected earthquakes, which significantly influences structural
response. When comparing the natural period of the structure resting on top of soil which is 0.5sec
as given above, it can be predicted that the Eurocode spectrum has an acceptable weight in the
overall structural response. In order to simulate EC8 spectrum in time domain three artificial
earthquake time histories have been generated and labelled as Gen.Eq1-3. In Figure 4 it can be seen
that the spectra of generated earthquakes have very little deviances (less than 5%) from the original
spectrum suggested by Eurocode 8 for type 1 for B soil type.
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Figure 13. Comparison of return spectra from earthquakes including EC8 type B
(created by author).

The synthetic time history Gen.Eq. 1 serves as the representative record for the EC8 Type B

spectrum. Real acceleration time histories from the Balkan region, classified by source country,
include:

From North Macedonia:

e Bitola N-S (01.09.1994, M=5.2 - 5.4)

e Gevgelija N-S (21.12.1990, M=5.6) from the Griva, Greece earthquake
From Montenegro (15.04.1979, M=7.0):

e Bar N-S: selected for its broad frequency content

® Petrovac N-S: selected for dominant periods of 0.25-0.5 s
From Albania:

o Durres N-S (26.11.2019, M=6.4)
Figure 5 shows the acceleration time histories for all selected records.
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Figure 14. Acceleration time histories of input earthquakes (created by author).

All earthquake signals in this work have been baseline corrected by using own routines in MATLAB
software corresponding to the work of Tian et.al (Tian et al., 2019). Next, the example of the Durres
earthquake baseline correction is shown (Figure 6).
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Figure 15. Base corrected acceleration time history of DurresNS earthquake
(created by author).

After having established the earthquake time histories and soil layer properties, the next critical
aspect is the proper treatment of domain boundaries. Section 3 presents the infinite element
formulation employed to absorb outward-propagating waves at the boundaries.



3. INFINITE ELEMENTS

The boundary conditions which represent important step in simulation of soil medium has to be
considered carefully. The formulation of infinite elements follows the same fundamental principles
as conventional finite elements, with the additional requirement of an appropriate mapping that
allows the computational domain to extend to infinity. Infinite elements are first developed by
Zienkiewicz et al. [8] and since then have been developed in frequency and time domain. In the
work of Héggblad et al. [9] infinite elements with absorbing properties have been proposed which
can be used in time domain. In the work of Sesov [10] and Edip [11] the infinite elements have been
introduced by six nodes and ability to consider bilinear effects at the boundaries. In this work the
development of infinite element has followed the techniques considering the time domain in which
the infinite element is obtained from a six nodded finite element as shown in Fig 7.

Figure 16. Nodes coupling of finite and infinite elements (created by author).

The element displacement in u and v direction is interpolated with the usual shape functions N’, N°,
N*and N°:

u=[N; N, 0 N, N; Olu 0
v=[N, N, 0 N, Ng O]v
In expression (1), u and v are vectors with nodal point displacements in global coordinates. The
shape functions are given in expression (2) as:
N, =—1-s)r(1-r)/4
N, =(1-s)1-71%)/2
N,=—1+s)r1—-r)/4
Ne=(1+s)(1-7r%)/2

2)

Based on the isoparametric concept, the infinite element in global coordinate is mapped onto an
element in local coordinate system using the expression in (3). In the formulation of the infinite
element, only the positive » direction extends to infinity.

r=[M, M, 0 M, Mg O]r

A3)
s=[N, N, 0 N, My O]s

The number and location of the nodal arrangement at the finite-infinite element interface must be
identical to ensure displacement continuity. The key advantage of the proposed infinite elements is
their compatibility with standard finite elements used in numerical analyses, enabling proper transfer
of internal forces across the boundary. Figure 8 presents the vertical stress distribution at t=3 seconds
during the Petrovac NS earthquake.
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Figure 17. Vertical stress values at time=3second of Petrovac NS earthquake time

history (created by author).

As shown in Figure 8, the stress fields at the coupling interface below the structure are consistent
with the anticipated tension and compression zones. Additionally, the finite-infinite element
coupling facilitates absorption at the boundaries, confirming the validity of the numerical results.

4. RESULTS COMPARISON

The performance of structural systems is typically assessed in terms of the maximum response,
which is then compared to an allowable response value associated with damage or failure. In order
to get a better insight of the structural response acceleration values at the bottom of the structure
have been compared in order to consider the effects of soil amplification of the ground motions. The
acceleration values show that the increase is mostly seen in the earthquake records of Petrovac NS
and Durres NS cases in which the acceleration values have been increased more than two times. On
the other hand, the effects of earthquakes of Bitola NS and Bar NS the increase is more than once
of the input acceleration. The results obtained by EC8 generated earthquake have the average values
which play an important role in design considerations although for structures with great importance,
real set of occurred earthquakes from the local region should be considered.
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Figure 18. Acceleration time history at the bottom of the structure (created by
author).

In comparing the horizontal displacement, it is clearly seen that the records of Petrovac NS and
Durres NS have the biggest values. The seismic excitation encountered by the structure is a function
of various factors, including the earthquake source, local site effects, traveling path and the SSI
effects. In particular, the acceleration within structure are affected by the flexibility of the foundation
system [12]. In this case considering the fact that infinite elements absorb the waves the traveling
path effects are minimized. However, the effects of local site effects and the SSI effects are of
primary importance in amplification of the results. As can be seen from Figure 10 the values of
displacement are greater in the case of Petrovac NS and Durres NS earthquake time histories. The
maximum displacements are very sensitive to base-correction criteria applied to accelerograms also.
The values obtained from generated earthquake of Eurocode 8 spectrum are in the average range
which shows the importance using Eurocode generated ground motions in this type of analysis when
structures of high importance are considered.

0.12 —

0.08 |—

004 f P | ﬁ

i i |l|r“l* il i "

Displacement [m]
(=]

\' -
'” il m b A\l
—— Bar NS

\ H I \
rh
‘ Petrovac NS
\ Bitola NS
Gevgelija NS
Durres NS
—— GE 1 of EC8

oot |- ‘m | H|

-0.08 |—

-0.12 |
] 10 20 30

Time [s]

Figure 19. Displacement time history at the top of the structure (created by
author).

The structural moment time history which is obtained from the frame structure at the top right node
is shown in Figure 11 which shows similar trends to displacement. The Petrovac NS earthquake



produces the maximum positive moment of approximately 195 kNm, while the Durres NS record
generates the largest negative moment of about -180 kNm. The synthetic EC8 earthquake maintains
moment demands within a moderate range, consistent with its design spectrum characteristics.
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Figure 20. Structural moment time history at the top of the structure (created by
author).

These results highlight the critical role of earthquake frequency content in determining structural
response, as records with similar peak ground accelerations can produce substantially different
internal force distributions. The coupling between soil properties and seismic input characteristics
emerges as a dominant factor governing the overall structural behavior in soil-structure interaction
systems.

S. CONCLUSIONS

This study successfully implemented a coupled finite-infinite element model in ANSY'S to analyze
soil-structure interaction (SSI) for a six-story frame on soft soil using scaled Balkan earthquake
records (PGA=0.25g) and synthetic EC8 motions, revealing the fundamental period shift to 0.5s and
nonlinear soil effects via Drucker-Prager criteria. Results demonstrate significant SSI amplification
as:
e ground-level accelerations doubled in Petrovac NS and Durres NS cases, versus milder
increases in Bitola NS and Bar NS;
e top displacements and structural moments peaked at Petrovac NS exceeding ECS8 synthetic
time history underscoring frequency content's role over PGA alone in soft soil scenarios.
For high-importance structures in the Balkans, seismic designs should prioritize using region-
specific earthquake records from local events alongside Eurocode 8 spectra. This combined
approach captures frequency-specific amplifications and soil-structure interaction effects not fully
represented by synthetic motions alone. Relying solely on EC8 spectra might underestimate the
structural demands as demonstrated by the Petrovac NS and Durres NS records in this study.
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