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NONLINEAR BEHAVIOUR OF A REINFORCED CONCRETE FRAME IN
BANJA LUKA FOR SITE-SPECIFIC SEISMICITY AND SOIL
CONDITIONS

Abstract:

This study presents a seismic capacity assessment of a reinforced concrete structure in central Banja Luka,
Bosnia and Herzegovina, using nonlinear dynamic analysis in OpenSees under Python environment. Site-
specific soil conditions, characterized by dynamic amplification factors of approximately 1.2, are incorporated
into the analysis. Structural response is evaluated under the recorded 1981 Banja Luka earthquake and Eurocode
8 spectrum-compatible artificial accelerograms for soil types A through E, considering an RC frame structure
of importance class IV with reference rock acceleration of 0.15g. Results reveal that frequency content
differences between the recorded earthquake and code spectra may significantly influence structural response,
particularly for intermediate-period structures. The analysis demonstrates that deep geological effects cannot
always be adequately captured by general Eurocode 8 provisions. The study provides insights into seismic
performance of a representative building typology and evidence-based recommendations for enhanced design
practice in regions with moderate seismicity and complex geological conditions.

Keywords: non-linear analysis, frame structure, seismic demand, numerical modeling, Eurocode 8, OpenSees

HEJIMHEAPHO ITOHAINAILE APMUPAHOBETOHCKOI' PAMA Y BAIbA JIYIIH 3A
JIOKAJIHO CIIEHU®UYHY CEU3MHUYHOCT U YCJIOBE TJIA

Casicemax:

OBa cTymja IpecTaBsba MPOLEHY CEM3MUUKOT KaraIuTeTa apMUPaHO-OeTOHCKe KOHCTPYKIHje y IeHTpatHoM Aemy bame Jlyke
IIPEMEHOM HeJTHHeapHe JHHaMH4Ke anammse y OpenSees okpyxemny y Python uatepdejcy. Jlokanmu ycnosu Ti1a, KapakTepucaHu
(axTopuMa TUHAMUUKE aMILTH(HKAIIje 01 IPUOIIKHO 1.2, eKCIUTHIUTHO Cy YKIJbY4eHH y aHanu3y. OroBop KOHCTPYKIIHje
TIpoLierbyje e IO/ IejCTBOM PETHCTPOBAHOT 3eMIboTpeca i3 198 1. rouHe 1 CHHTETHUKIX aKIeneporpaMa KOMIIAaTHOMITHIX ca
criektpoM npema EBpokozy 8 3a Tumose 11a o1 A 10 E, 32 paMOBCKy KOHCTPYKIH]y Kiace BakHOCTH [V U pedepeHTHOT yOp3ama
crene 0.15g. Pesynrati mokasyjy na pasiuke y GQpeKBeHTHOM canprkajy H3Mely perucTpoBaHOr 3eMJbOTpeca H CIIeKTpa U3
TIPOTIHCA MOTY 3Ha4ajHO yTULIATH HA CEN3MUUKHU OZIrOBOP, HAPOUHTO KO KOHCTPYKIIMja CPEeAbUX MepHoa. AHaIN3a MoKasyje 1a
JyOMHCKHM Te0JIONIKU e)eKTH He MOTY yBek OMTH ajiekBaTHO 00yxBaheHu onurruM oapendama EBpokona 8. Ctyauja mpyxa yBuie
Y CEM3MHUUKO IIOHAIIIAFE PENpe3eHTaTHBHE THIIOIOTHje o0jekaTa i Iperopyke 3a yHanpeheme IpojeKTaHTCKe MpaKce y
pErHoHNMa yMepeHe CeM3MUYHOCTH U KOMIUIEKCHHX TeOJIOMIKUX YCIOBa.

Kwmyune peuu: neanuneapha ananusa, pamoecka KOHCMPYKYUjd, CeUsMUYKY 3axmees, Hymepuuko mooenuparse, Eeporoo 8,
OpenSees
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1. INTRODUCTION

The Banja Luka region has experienced repeated moderate to strong earthquakes, reflecting its
location within the active transition zone between the Pannonian Basin and the Dinaric Alps, where
complex tectonics and heterogeneous geological conditions govern the local seismicity. Previous
studies have shown that both regional seismotectonic setting and local to deep geological structures
significantly influence seismic hazard and ground motion characteristics in the Banja Luka area [1].
The previous disasters led to large-scale reconstruction in Banja Luka and marked a turning point in
the development of seismic design regulations, which have been progressively improved and are
now further enhanced through the comparison of Eurocode-based seismic provisions. Within this
regulatory framework, the assessment of structures of special importance such as hospitals, sport
stadiums and schools requires an enhanced seismic performance criterion, with particular emphasis
on detailed hazard analyses that explicitly involve the influence of local soil conditions. According
to the IZIIS report [7] the central area of Banja Luka is classified as a location of particular
importance for seismic hazard evaluation, owing to its urban significance and complex geological
conditions. Detailed investigations of local site conditions were carried out using ambient vibration
measurements with Tromino instrument on the soil surface (Fig. 1) for the identification of site-
specific dynamic characteristics.

Figure 1. Ambient vibration measurement on the location in Banja Luka (report
1ZI1S 2009)

The results indicate a pronounced site effect, with a dynamic amplification factor of approximately
1.2, corresponding to a 20% increase in ground-motion amplitudes relative to reference rock
conditions. To ensure a reliable seismic assessment of an important structure located at this site, the
identified local soil effects are explicitly incorporated into the present analysis. To realistically
capture the seismic demand associated with the Banja Luka earthquakes, a representative reinforced
concrete frame as a part of a frame structure is analyzed using the recorded ground motion from the
Banja Luka seismic event, complemented by artificial accelerogram generated in accordance with
Eurocode 8 response spectra for different soil types. This combined approach enables a consistent
evaluation of structural response under both site-specific and code-compliant seismic loading
scenarios. Previous detailed analysis [2] have demonstrated the importance of the validity of the
seismic analysis. In this study the seismic nonlinear frame analysis is conducted with OpenSees [6]
where analysis show revealing results.



2. METHODOLOGY

2.1. SEISMIC INPUT SELECTION

The selection of seismic input motions was performed in accordance with the provisions of Eurocode
8, considering soil types A through E. For each soil category, spectrum-compatible artificial
accelerograms were generated to match the target elastic response spectra corresponding to
importance class IV structures. Additionally, the earthquake record from Banja Luka 1981 record
has been used for the analysis to evaluate structural response under a realistic regional ground
motion. The application of this historical record allows assessment of the influence of actual
frequency content, duration, and amplitude modulation characteristics that may not be fully
accounted for by smoothed design spectra. The local soil conditions have been adopted from the
report of IZIIS [7] which indicates that the site conditions result in dynamic amplification of 1.2.
The acceleration on a rock has been adopted as 0.15g as given in Bulaji¢ et al. [1] which refers to
the basic ground acceleration as it is in the level of engineering rock. The corresponding design
spectra was then derived by incorporating the site amplification effects.
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Figure 2. Comparison of Earthquake spectra according to importance class 1V of
Eurocode 8 (drawing by author).

As can be seen from Fig.2 the comparison of Eurocode 8-based design spectra and the response
spectrum derived from the Banja Luka record reveals a similar overall spectral shape. The recorded
spectrum can be broadly approximated as corresponding to soil type C; however, noticeable
discrepancies in the spectral acceleration amplitudes are observed within the constant-acceleration
(plateau) region. These differences in spectral ordinates, particularly in the natural frequency range
governing the fundamental mode of the structure, indicate that the local earthquake exhibits distinct
frequency content characteristics.

2.2. BANJA LUKA EARTHQUAKE RECORD

The selection of Banja Luka earthquake from 1981 year is based on Jordanovski et al., 1987. The
earthquake that struck the Banja Luka region on 13 August 1981 occurred at approximately 02:58
local time and had a reported magnitude of M = 5.7. The epicenter was located in the wider Banja
Luka area within the active seismogenic zone of the Dinarides and the event was of shallow crustal
origin. The earthquake generated a moderate ground shaking in the city and surrounding area,
causing limited to moderate damage, mainly to masonry buildings and non-ductile structural
components, while remaining significantly weaker than the destructive 1969 Banja Luka earthquake.
Importantly for engineering applications, the event was recorded by the local strong-motion network
and accelerograms such as Banja Luka N-S component exhibit impulsive ground motion with
relatively short significant duration and moderate peak ground acceleration as shown in Fig. 3.
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Figure 3. Acceleration time history of the Banja Luka earthquake 1981 (drawing

by author).

The figure illustrates the main shock ground acceleration record, including the recorded acceleration
time history (blue line), time intervals of absolute acceleration exceeding 0.05¢g (shaded regions),
the smoothed acceleration envelope [a(t)| (red line), and the peak ground acceleration marked by a
black dot, with a PGA value of 0.18g occurring at t = 2.02 s. The significant duration measures are
also indicated, with D5-75 equal to 1.80 seconds and D5-95 equal to 5.68 seconds, shown by green
and magenta bars, respectively. The acceleration record exhibits a distinct impulsive character, with
the major concentration of the seismic energy released within the first 6 seconds of the ground
shaking.

2.3. ARTIFICIAL EARTHQUAKE RECORDS FROM EUROCODE 8

In order to perform a complete analysis incorporating the effects of Eurocode 8 provisions, the
spectrum for soil type C (corresponding to deep deposits of dense or medium-dense sand, gravel, or
stiff clay) and for building of importance class IV, has been selected as the basis for generating
artificial earthquake record. This synthetic ground motion has been generated using the software
Code_Aster (Code-Aster, 2018), with particular attention to approximation and covering the
“plateau” region (Fig. 4a).
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Figure 4. Comparison between Eurocode 8 spectrum (soil type C, importance

class VI) and generated earthquake records: a) response spectra and b)
acceleration time history (drawing by author).

The generated earthquakes maintain the same PGA, although the frequency content differs between
records, which enables a more comprehensive assessment of the structural response across different
seismic scenarios. This variability in frequency content, while preserving the target spectral shape
and intensity, provides a realistic representation of potential seismic demands that comply with



Eurocode 8 requirements. Next, nonlinear structural analysis has been conducted to see the effects
in the structural response.

3. STRUCTURAL RESPONSE

The structural system considered in this study is a three-storey, two-bay reinforced concrete (RC)
moment-resisting frame designed to represent a typical medium-rise building in a moderate-to-high
seismicity region. The interstorey height is 3.0 m, while the bay length is 5.0 m. The columns have
square cross-section of 35x35 cm, reinforced with 4 bars of diameter 14 mm on each side. The
beams have rectangular cross-sections of 35x40 cm, reinforced with 5 bars of diameter 14 mm as
both top and bottom reinforcement. All structural members are modeled using nonlinear force-based
beam-column elements with fiber-discretized cross-sections allowing for a realistic representation
of material nonlinearity and the progressive development of plasticity. Concrete is modeled using a
nonlinear constitutive relationship capable of representing confined (core) and unconfined (cover)
behavior throughout setting the ultimate strain (0.01 for confined and 0.0035 for unconfined). The
concrete compression strength has been adopted as 30 MPa. The reinforcing steel has been modeled
with yield strength of 500 MPa using a nonlinear hysteretic model with isotropic hardening. The
fiber discretization explicitly distinguishes between the core and the cover concrete, as well as
longitudinal reinforcement layers. This modeling strategy enables realistic simulation of stiffness
degradation, strength deterioration, and cyclic hysteretic behavior under seismic loading [3], [4].
The geometric configuration, node numbering, and element tagging of the analytical model are
presented in Fig. 5. The base of the structure is assumed fixed. Gravity loads of 70 kN/m! are applied
on every beam (consistent with a typical floor tributary area approach) prior to dynamic excitation
to establish the initial stress state. The mass sources are derived from the applied gravity loads.
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Figure 5. Numerical model of the structure in OpenSees (drawing by author).

The structural model is subjected to nonlinear time-history analyses applying two distinct categories
of seismic input: (i) artificial ground motions generated to be compatible with the target Eurocode
design spectrum, and (ii) the recorded accelerogram from the Banja Luka earthquake, as presented
in Fig. 4. The artificial records ensure consistency with code-based spectral demands, while the
historical Banja Luka record reflects realistic regional ground-motion characteristics, including
amplitude modulation and frequency content specific to the site conditions.
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Figure 6. Comparison between Banja Luka and spectrum compatible earthquake

records: a) absolute acceleration and b) relative displacement time histories at
node 31 at top (drawing by author).

As shown in Fig. 6a, the acceleration time histories at the roof level exhibit a comparable overall
pattern in terms of peak amplitudes and general oscillatory behavior. This similarity indicates that
the initial stiffness and global dynamic properties of the frame dominate the short-period response.
Since the absolute acceleration response is closely related to structural stiffness and mass
distribution, the comparable peak values suggest that both ground motions activate similar elastic
response mechanisms in the structure during the early stages of excitation.

However, a more pronounced difference is observed in the relative displacement response (Fig. 6b).
The artificial, spectrum-compatible ground motion produces larger relative peak roof displacements
compared to the recorded Banja Luka earthquake. This increase can be attributed to differences in
spectral amplification within the period range corresponding to the fundamental mode of the frame.
As previously shown in the spectral comparison (Fig. 4a), the artificial record imposes higher
spectral ordinates in the vicinity of the structure’s dominant period, resulting in increased lateral
deformation demand.

The divergence in relative displacement response highlights the sensitivity of global deformation
demands to the frequency content and duration characteristics of the input motion. While absolute
acceleration response reflects stiffness-controlled behavior, relative displacement response is more
strongly influenced by spectral compatibility and energy input within the fundamental period range.
Given these differences in global deformation demand, further investigation of sectional nonlinear
behavior is required. In particular, moment—curvature relationships at the upper end section of the
top-storey column 301 are examined to assess the extent of material nonlinearity, stiffness
degradation, and potential plastic hinge development under both excitation scenarios. The
corresponding moment—curvature results for the two earthquake records are presented in Fig. 7.
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Figure 7. Moment curvature relationships at the upper end of column 301
(drawing by author).

As illustrated in Fig. 7, the moment—curvature response at the critical section of column 301
demonstrates a clear difference between the two seismic excitation scenarios. While the Banja Luka
record induces a response that remains predominantly within the quasi-linear range with only modest
curvature demands, the artificial spectrum-compatible ground motion drives the section into a
significantly more nonlinear regime. The artificial earthquake, generated to match the Eurocode
design spectrum, produces higher curvature demands and a more pronounced hysteretic response,
indicating the formation and progression of plasticity in the section. This behavior is consistent with
the previously observed increase in global displacement demand and reflects the higher spectral
ordinates in the period range associated with the fundamental mode of the structure. The enhanced
curvature demand confirms that the artificial record imposes a more severe deformation-controlled
response, leading to stiffness degradation and increased hysteretic energy dissipation at the sectional
level. The comparison between sectional moment—curvature behavior and the corresponding internal
force distribution highlights the sensitivity of nonlinear response to the characteristics of the input
motion. Even when peak accelerations appear comparable, differences in frequency content and
spectral amplification can substantially alter deformation demands and plastic hinge development.

4. CONCLUSIONS

Advanced seismic capacity assessment of structures located in regions of moderate seismicity and
complex geological conditions requires explicit consideration of site-specific ground-motion
characteristics that extend beyond simplified code-based spectral representations. In this study,
comprehensive nonlinear dynamic analyses were performed on a representative three-storey
reinforced concrete frame using the OpenSees framework. The structural response has been
evaluated under two categories of seismic input: the recorded 1981 Banja Luka earthquake and
Eurocode 8 spectrum-compatible artificial accelerograms corresponding to soil types A through E.
All earthquakes have been scaled to peak ground acceleration of 0.18g on the ground surface. The
analyses revealed that frequency content characteristics and duration parameters of ground motions
significantly influence structural response, even when peak ground accelerations are nominally
identical. The 1981 Banja Luka earthquake record, while broadly consistent with Eurocode Type C
spectrum, exhibited notable discrepancies in the constant-acceleration spectral range, producing
structural demands that differed substantially from those predicted using code-based spectrum-
compatible motions. These differences were particularly pronounced for structural components with
natural periods in the range of 0.5-1.5 seconds, highlighting the limitations of peak-acceleration-
based or smoothed-spectrum-based seismic design approaches.
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